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ABSTRACT
THE REGIONAL DISTRIBUTION AND MOLECULAR INTERACTIONS OF
PHOSPHOLIPIDS AND GLUCOSE IN MAMMALIAN VITREOUS HUMORS
Abigail Nicole Schnepf
July 31st, 2018
The vitreous humor (VH) is located in between the lens and the retina. It is composed
of 98% water, hyaluronan (HA), collagen, proteins, phospholipids (PLs), and other
metabolites. With aging, the VH undergoes liquefaction, a process that causes the gel-like
structure of the VH to turn into a liquid and can lead to serious ocular diseases, including
retinal detachment, vitreal detachment, and macular hole formation. The liquefaction
process is expedited in diabetic VHs. This project focuses on understanding the
molecular changes that lead to liquefaction and the reasons for which this process is
accelerated with diabetes.
Matrix-assisted laser desorption ionization/mass spectrometry (MALDI/MS) and
nuclear magnetic resonance (NMR) spectroscopy were applied for in vitro, ex situ, and
model studies of VHs to identify and quantify several components of the VH network and
explore their interactions. In-vitro and ex-situ methods were optimized and conducted on
porcine and human VHs. The mammalian species produced similar compositional trends.
MALDI/MS showed that PLs were most abundant in the posterior region (closest to the
retina) followed by the anterior (closest to the lens) and then the central regions. Diabetic
and non-diabetic VHs regional distribution of glucose was compared. Glucose was
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present in significant higher levels (three-fold) in diabetic VHs compared to non-diabetic
ones of similar age. The levels of glucose in the diabetic VH were highest in the posterior
followed by the anterior and central regions. This trend follows that observed for the PLs.
Model studies were performed to explore the interaction(s) of vitreal components and
hyaluronan (HA) using MALDI/MS and NMR. The studies indicate interactions between
both the headgroups of PLs and the carboxylate groups of HA as well as that between the
acyl tails on PC with the hydrophobic regions of HA. Such interactions are proposed to
disrupt the H-bonding network of HA and contribute to liquefaction of the VH. Future
studies will focus on age-dependent studies of human VHs as well as the analysis of fresh
human VHs following vitrectomy surgery.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

This chapter provides crucial background information on the vitreous humor (VH) and
the analytical methodologies used to complete this project. The first section of the chapter
focuses on vitreal components, functions, liquefaction, migration, and interaction of
components affecting the biomatrix. The second part of this chapter describes the
analytical techniques, specifically matrix-assisted laser desorption ionization (MALDI)
mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy, that we
used to study the mammalian VHs. Chapters 2 and 3 present the application of these
methodologies to find the regional distribution of phospholipids (PLs) and glucose the
VHs of porcine and human eyes. Chapter 4 discusses the interactions of vitreal
components with PLs and glucose and their implications in VH liquefaction. Finally,
chapter 5 addresses the main findings of these projects and the direction of future studies.

VITREAL COMPONENTS
Light is directed into the eye and is focused by the cornea (75% of focusing
power of the eye) to the pupil and iris. The iris controls how much light is transmitted
through the eye. After the light passes through the pupil and traverses the aqueous humor
it is focused onto the retina by the lens (25% of the focusing power of the eye). The retina

1

uses photorecepters to convert light to electrical signals. The optic nerve carries the
electrical signals to the brain that allows the light to be processed as an image. Figure 1-1
shows the anatomical components of the human eye. Occupying about 80% of the ocular
volume is the vitreous humor (VH), which is located in between the lens and the retina.
The VH needs to be transparent to allow light to pass through without being scattered.
The VH is made up of over 98% water that hydrates a network of hyaluronan and
collagen in which proteins, phospholipids, and other metabolites are found.1 Functions of
the VH and possible causes of liquefaction have been studied previously. Figure 1-1
shows the distribution of collagen and hyaluronan (HA) in the VH. Even though there is a
significant amount of information on HA and collagen, the interactions with each other
and with other components in the VH, such as phospholipids and glucose have yet to be
explored.
Hyaluronan
HA was first detected in 1934 by Karl Meyer and John Palmer from bovine VH
and the structure of HA was determined in 1950.3,4 In the 1950s, HA was first used as a
vitreal replacement during ocular surgery.5 Other applications of HA include wound
healing, cosmetics, and prevention of blood coagulation using HA derivatives for
cardiovasculature applications.6 HA is a type of glycosaminoglycan (GAG), a
polysaccharide with repeating units. When a GAG is attached to a protein it is known as a
proteoglycan. Besides HA, other types of GAGs found in the VH are chondroitin sulfate
proteoglycans, which include versican and type IX collagen. Collagen type IX and
versican are synthesized in the Golgi apparatus and HA is synthesized at the plasma
membranes.7

2
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HA is composed of polyanionic saccharides which are made up of glucuronic acid
(GlcA), and an amino sugar, glucosamine (N-GlcNA) linked via a glycosidic bond (Fig.
1-2).3 GlcA and GlcNA form the repeating unit of a long unbranched polysaccharide. The
length of the HA chain varies by species. For example, a rabbit VH has 2000-3000 kDa
HA strands but bovine HA strands are shorter at 500-800kDa.8 Along the polysaccharide
chains, hydrogen bonds cause the strand to twist and form a helical 'ribbon' with
hydrophobic and hydrophilic regions between the 1-3 and the 1-4 linkages.9,10 This
feature allows HA to interact with other molecules and HA strands. The ability to interact
with molecules gives HA its viscoelastic properties. One disaccharide unit of HA can
interact with 15 water molecules.11 Polymeric HA can interact with water to increase its
molecular weight up to 1000 fold.12 Molecular dynamics show that water molecules force
the disaccharide units to form stronger interactions causing the glycosidic linkages to
stiffen as well as form water bridges forming hydrogen bonded complexes.13 HA
interacts with PLs as well. The flexibility of HA changes upon interacting with
phosphatidylcholines (PCs) based on broadening of the methyl protons on N-GlcNA of
HA. The PC tails possibly interact with the hydrophobic patches of HA based on this
NMR data in addition to data from gel permeation chromatography and multi-angle laserlight scattering.14 The organization of PC is affected by the molecular weight of HA. PC
aggregates around the HA strands.15 HA also interacts with collagen type VI.16 However,
the HA-collagen interactions are weak and break when exposed to high salt
concentrations.17 Collagen type VI consists of 3 alpha chains so the N-terminus on the
alpha-3 chain of the collagen can interact with HA or type II collagen.18 HA also has a
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Figure 1-2: Structure of hyaluronan. Disaccharide made up of D-glucuronic acid and Nacetylglucosamine.

5

high affinity to other proteoglycans, cell membranes, and cell receptors such as CD-44, a
cell adhesion glycoprotein.19
It has been confirmed using circular dichroism that there is a conformational
change of HA depending on its physical state (gel or liquid).

20

At a high viscosity, the
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C NMR resonance C=O of HA broadens but when the viscosity is reduced the peak

sharpens due to hydrogen bonds breaking and allowing the acetamido groups to rotate
freely.21 Oxygen in the singlet state can also change the conformation of HA.20 When the
pH is at the cellular level, around 7, the carboxyl groups of HA are all ionized giving it an
overall negative charge.10
Depending on the size of the strand, HA can either function as a space filler with
long strands or cause inflammation and stimulate an immune response with shorter
strands.7 HA slows down diffusion of molecules through steric hindrance.16 HA is also
important in water homeostasis, cell signaling, angiogenesis, axonal growth, tumor
progression,

cell

proliferation,

inhibiting

lymphocyte

stimulation,

macrophage

phagocytosis, and prostaglandin synthesis.20 The lowest concentration of HA is in the
anterior region of the VH and the concentration increases towards the posterior region.20
Collagen
The focus of this project is to address the roles that HA and PLs as well as their
interactions play in liquefaction. However, it should be noted that collagen is also an
important component of the VH and its participation in liquefaction will be investigated
in future studies. The proposed interaction between collagen and HA is seen in figure 1-3.
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Figure 1-3. Proposed interaction of hyaluronan and collagen in the VH. (Source:
Adapted from Gandorfer, Arnd. (2009). Objective of Pharmacologic Vitreolysis.
Developments in ophthalmology. 44. 1-6.)
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Collagen forms a left-handed triple helix with 3 amino acid residues per turn. It
usually contains the amino acid pattern of (gly-x-y)n.22 There are many types of collagen
that have been discovered but the most abundant in the VH are types II, IX, and V/XI.
The structures are seen in figure 1-4. Collagen is initially in a form known as
procollagen. N-proteinase and C-proteinase cleave the N- and C- terminals, which are
non-collagenous and link everything together. This allows the procollagen to form
collagen fibrils.23 The various types of collagen have different functions. Type II collagen
acts like the skeleton because it provides strength and stability to the collagen network.24
Type II is made up of 3 identical chains known as α1(I). The NC3 domain of type II has a
bend which allows the binding of its positively charged N-terminus with other molecules
such as negatively charged proteoglycans.24 Types IX and V/XI are heterotrimers.24 IX is
made up of α1(IX) α2(IX) α3(IX) domains and are located between 4 non-collagenous
domains thus making it a proteoglycan.7,25 Type V/XI collagen is a hybrid version of
types V and XI. It interacts with type II and makes up the core of the network fibrils.26
The composition of this hybrid is made up of α1(XI) α2(V) domains and is responsible
for determining the length and the diameter of the fibrils. Type V collagen is important in
the formation of collagen fibrils.23 Type IX is not able to form fibrils on its own so it has
to connect itself to other ones.23 Type IX runs in the opposite direction of type II collagen
and is connected by covalent bonds to the N-terminus of the type II collagen. Chondroitin
sulfate chains are also perpendicular to type II collagen which helps prevent type II
collagen fibrils from sticking together.24,27 Type IX collagen is used for stabilization of
the network but is not important for determining the length and diameter of the fibrils.28
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Type IX collagen has a half-life of 11 years and once it starts to break down, type II
collagen begins to aggregate due to the collapse of the natural spacers between the
fibrils.27 Collagen has the highest concentration in the base and posterior regions of the
VH, followed by the anterior region of the VH.29 The lowest collagen concentration is
found in the central VH. The amount of collagen remains constant throughout the lifetime
of the eye since it is not synthesized after the VH is fully developed.
PLs, glucose, and other components of the VH
Since the VH is made up of 98% water, the other components are present in very
minute quantities. Besides HA and collagen, other components of the VH include
phospholipids (PLs), cholesterol, chondroitin sulfate proteoglycans, proteins, sodium,
potassium, ascorbic acid, glucose, and other metabolites have been found in human VHs.
The presence of PLs was reported as early as 1954 by D'Asaro saying that there was
minute (if any) PL content in the VH.30 Krause reported that the total levels of PLs and
cholesterol found in the VH were 0.014 mg/mL and 0.012mg/mL, respectively.31 The
major

PLs

reported

in

the

VH

were

phosphatidylcholine

(PC)

and

phosphatidylethanolamine (PE); sphingomyelin (SM) was reported in lower abundance
(Fig. 1-5).32 The fatty acid chains of the PLs were found to be made up of 55%
unsaturated species. The most common unsaturated chains reported were (18:1) and
(20:4), where (X:Y) X is the total number of carbons in the tail and Y is the number of
double bond. The most common saturated tails are of (16:0) and (18:0).33
A type of chondroitin sulfate proteoglycan present in the VH is versican. It is a
high molecular weight protein that has been shown to aggregate with HA.34 The versican
amino terminus can interact with HA or a protein and the carboxyl-terminus can interact
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Figure 1-5. Structures of phospholipid headgroups. (Source: Adapted from
https://www.researchgate.net/figure/General-structure-of-phospholipids-andcommon-head-groups-PLs-contain-two-fatty-acids_fig1_261605192)
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with proteins.35 The most abundant protein found in the VH is albumin.36 Ascorbic acid
amounts are found to be lower in VHs from diabetics relative to non-diabetics.37 Glucose
levels of entire VHs are about 2-3 times higher in diabetic than non-diabetic ones
obtained from vitrectomies using blood glucose meters.38,39 Regional values of PLs and
glucose have yet to be reported in the VH and will be further investigated.

DEVELOPMENT OF THE VH
There are three main stages, primary, secondary, and tertiary during the
development of the vitreous. The stages occur during fetal development. The primary
vitreous begins to form around 3-4 weeks after gestation from the surface ectoderm.40
Optic vesicles touch the surface ectoderm and secrete mesodermal cells into the vitreous
space.41 The mesodermal cells turn into the hyaloid artery creating a vasculature network
throughout.41 Lastly, the choroidal fissure closes, which makes the eye a closed system
and intraocular pressure is established.40 The secondary vitreous then begins to develop
around 6-12 weeks from secretions of the neuroectodermal particles from the retina.41,42
It is composed mainly of type II collagen creating an extracellular matrix. The secondary
vitreous compresses the primary vitreous and the space between the two becomes
Cloquet’s canal41. During the development of the secondary vitreous, the hyaloid
vasculature in the primary vitreous degenerates starting anteriorly towards the posterior
region until blood flow ceases after 4 months.41,42 Phagocytes break down the vessel
walls and hyalocytes and fibroblasts are deposited on the vitreous cortex and base that
later synthesize hyaluronan, collagen, and glycoproteins.40,41 The final stage of
development is the tertiary vitreous, which is notpart of the VH. It is developed from
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secondary vitreous fibrils that condense and elongate to form the lens zonules.40 The
stages of vitreal development can be seen in figure 1-6.

VH FUNCTIONS
Several functions of the VH have been reported. One of the vitreal functions is
allowing light to reach the retina without being scattered. This is possible due to the
transparency of the VH, which contains very low levels of macromolecules, preventing
light from being scattered.20 Having a refractive index of 1.33, which is the same as that
of water, allows light to be further focused between the lens and retina. Another function
of the VH includes providing support during ocular growthand helping to maintain
spherical shape of the eye.20,17 The VH is also important in protecting the lens from
oxidation and other ROS migrating towards the lens from the retina. The VH also
protects the retina from UV radiation with antioxidants, such as ascorbate.43,44 It is
possible that the regional changes in the HA-collagen network may serve other functions
yet to be elucidated. The VH serves as a repository for the surrounding ocular regions.
The role that these “waste” compounds play in liquefaction is still unknown.

AGEING AND LIQUEFACTION OF THE VH
The VH undergoes liquefaction as it ages. This process has been reported as early
as age 4 in humans and 50% of the VH becomes liquefied by the time a person is in
his/her 80s (Fig.1-7).20 There are many hypotheses on how or why the VH liquefies:
enzymatic activity disrupts the collagen network; type IX collagen breaks down causing
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Figure 1-7. Liquefaction of the VH. (Source: Adapted from Le Goff, M. M.; Bishop, P.
N. Adult Vitreous Structure and Postnatal Changes. Eye 2008, 22 (10), 1214–1222.)
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type II collagen to stick to itself; HA breaks down; collagen and HA interactions are
hindered due to a structural change in collagen from oxidation.20,23
When HA was degraded in the VH by injecting hyaluronidase, the VH gel shrunk
but did not liquefy.20 After a day, the VH turned cloudy but eventually cleared up after a
month indicating that HA is always being synthesized in some capacity.45 Compared to
the addition of hyaluronidase, the VH was more liquefied when lysine-glucose and amino
acids underwent the Maillard Reaction.46 The Maillard products promoted liquefaction in
the VH suggesting glucose could play a role in the increased liquefaction rate of diabetic
VHs. Collagenase was also added to the VH to fragment the collagen and the VH did
undergo liquefaction.20 When transmission electron microscopy was used to look at a
liquefied VH, breakdown in collagen fibrils was observed in the liquefied regions
compared to the gel regions of the VH.47 The fibrils of younger VHs are in tight networks
but are not fused together in any way and collagen type IX is used to space out the
network. As the VH gets older the fibril network aggregates due to the collapse of the
spacers and liquefaction occurs.20,48 Fluorescein was found to disperse more easily in a
liquefied VH than a gelled one, which indicates there is more flow once the VH is
liquefied and this can contribute to ocular diseases.49
Liquefaction is a serious problem because it can lead to harmful eye diseases
including posterior VH detachment, macular hole formation, and retinal detachment.48 In
diabetic patients, the liquefaction process occurs earlier in life and can lead to more
serious diseases such as diabetic retinopathy.

Diseases associated with liquefaction
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Diseases associated with vitreal liquefaction include cataracts, posterior vitreal
detachment, macular hole formation, retinal detachment, and in patients with diabetes,
diabetic retinopathy. Cataracts can result from oxidation of the lens. In gelled VHs,
oxygen from the retina is consumed by the VH before it reaches the lens. However, when
the VH is liquefied it no longer consumes the oxygen and therefore the oxygen reaches
the lens causing oxidative stress that contributes to cataractogenesis.44 The opacity of
cataracts cause vision problems.
Posterior vitreal detachment (PVD) is also caused by liquefaction. It takes place
when the posterior vitreous separates from the retina due to the adhesion weakening
between the two components and affects over 70% of the population in their 50s. The VH
gel shrinks during the liquefaction process causing the VH to pull away from the retina.
With PVD, patients experience flashes of light or “floaters”. Floaters consist of collagen
fiber aggregates.27 They cause blurred vision due to shadows cast on the retina.50 Floaters
are reported to have various compositions and sizes.51 It is possible that part of the
hyaloid vessel that breaks down at birth results in fragments that are also part of the
floaters.52 In adults, floaters are most likely caused by PVD but in adolescence, floaters
most likely result from myopic vitreopathy.53 Other causes of floater formation include
asteroid hyalosis, inflammation, and cataract surgery. A proposed treatment for floaters is
focusing a laser onto the floater to disrupt the collagen strands of floaters.51 A treatment
proven effective is performing a vitrectomy.50
Macular hole formation results from the VH pulling away from the retina and
causing the macula to tear.54 Symptoms include distorted and blurred central vision.
Retinal detachment occurs when liquid from a liquefied vitreous enters a tear in the retina
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causing the retina to pull away from the retinal pigment epithelium layer.55 Patients
experience floaters and flashes in their vision and eventually the peripheral vision goes
dark.

BARRIERS AROUND THE VH
Electrolytes enter the VH through the ciliary body and the aqueous humor but
non-electrolytes enter from the choroidal and retinal areas. The ciliary body, choroidal,
retinal, and optic nerve tissues provide a blood VH barrier. Therefore, the passage of
molecules into the VH depends on barriers.56 There are two main barriers in the eye, the
blood-aqueous barrier (BAB) and the blood-retinal barrier (BRB). The BAB consists of
non-pigmented epithelium of the ciliary body, the posterior iris epithelium, and the iris
vessel and Schlemm’s canal endothelium.57 It is responsible for providing nutrition to the
lens and cornea. The ciliary body regulates the BAB.58 There is a complex interface
between the retinal basal lamina, which is composed of type IV collagen and
glycoproteins, and the vitreous cortex known as the BRB.59 There is an active transport
from the VH to the retinal vessels and a passive transport from the BRB into the VH.57
An increase of glucose transport from retinal vessels into the VH occurs in patients with
diabetes.58 A high passive transport level can be correlated to the degree of retinopathy,
which is a direct effect of the breakdown of the BRB.60

EFFFECT OF DIABETES ON OCULAR TISSUE
Diabetes causes hyperglycemia that leads to damage of the vasculature system.
An increase in oxidative stress is seen with this disease and causes the formation of free
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radicals, which leads to glucose oxidation, glycation of proteins, and a decrease in
antioxidants.61,62 Some of the oxidative stress biomarkers are superoxide dismutase,
catalase, glutathoine, and lipid peroxidation.61 This leads to many ocular diseases such as
diabetic retinopathy, which involves the degeneration of blood vessels in the retina most
likely from inflammation and other factors.63 Higher levels of glucose (Non-Diabetic
(ND): 0.7, Diabetic (D): 3mM), sorbitol (ND:0.3, D:1.7mM), and fructose (ND: 0.4, D:
1.2mM) are found in lenses of diabetics relative to those from non-diabetics.64
Diabetics have higher levels of glucose and lactate in the VH, which can cause
serious problems.65 The transport of glucose into the VH is of interest due to the higher
serum levels reported in diabetics. Glucose is transported into the retina by facilitated
diffusion through GLUT1 and GLUT3 transport proteins.42 The transport of glucose in
the VH was studied using fluorescence. Fluorescein was injected into the blood and the
transport between the retina and VH was studied. Fluorescein favored the movement of
the VH to the retina more than the retina to the VH. However, a longer time for the dye to
move out of the VH was noted in diabetic tissue due to the increased flow of dye into the
VH.66 The transport of molecules into the VH increases with exposure to diabetes
because of higher permeability most likely a result from changes to the epithelial barrier,
changes to the inner retinal vessels, and the effect of glycosylated proteins on transport.67
Absorption in the UV-Vis and near-infrared, polarimetry, thermal emission, Raman
spectroscopy, fluorescence, and ultrasound have been used to detect glucose in serum.68
AGEs, ROS, etc.
Advanced glycation end products (AGEs), which are elevated in diabetics, can be used to
measure the glycemic control and measure protein oxidation for amounts of reactive
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oxygenated species (ROS) caused by hyperglycemia.69 ROS can cause lipid oxidation of
polyunsaturated lipids by converting H2 to HOOH or can cause lipid peroxidation.70
Changes in the m/z value could indicate a free radical attack on lipids.71 Common
products of lipid oxidation are lipids with shortened chains containing hydroxyl,
carbonyl, or carboxyl groups.72 Another consequence of diabetes is protein glycation.
Glycation occurs on the lysine, arginine, or N-terminal of proteins and involves nonenzymatic covalent attachment of a reducing sugar.73 For example, the carbonyl group of
glucose interacts with the amino group on lysine and forms a Schiff base that undergoes
an Amadori rearrangement to fructosamine and can be detected using mass spectrometry
and looking for a M+162 Da of the modified protein.74 Protein-bound fluorescence can
measure products of AGE products.75 AGEs increase the formation of ROS that reduce
pericytes and cause the breakdown of the BRB, prevent antioxidants from working
properly, activate factor that increase inflammatory cytokines, and alter protein structure
and functions.76 AGEs can be created from oxidation and glycation and produce
pentosidine and N-carboxymethyl lysine. The main target of sugars is collagen, which
forms methylglyoxal-modified collagen.

ANALYTICAL TECHNIQUES USED TO STUDY THE VH

Spectroscopy techniques
Spectroscopic techniques that have been used to study the VH are nuclear
magnetic resonance (NMR) and Raman spectroscopy.77 Raman Spectroscopy has mainly
been used to study the lens so far. Differences in the lens with and without diabetes have
been reported. NMR has also been used to study the VH. The Carr Purcell method was
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used to measure T1 and T2. Shorter relaxation times of both T1 and T2 were noted with
lower viscosity.78 The relaxation times were also shorter with the addition of collagenase
to the VH. The addition of hyaluronidase had minor changes and ascorbic acid had no
observable change in the relaxation times.
In-vivo techniques
In-vivo techniques such as dynamic light scattering, and optical coherence
tomography have previously been used to study the VH.77 Dynamic light scattering has
been used to observe changes in the structure from diabetic vitreopathy. Optical
coherence tomography has been used to measure the size and distance between structures
in the VH.
In-vitro techniques
The VH has also been studied using dark-field slit microscopy as an in-vitro
technique, which showed the structure of collagen and age related changes on the overall
vitreous structure.77 Even with all of these techniques, there has not been a noninvasive
technique reported to image the VH.79
Techniques used to study distribution of PLs
Since the VH is such a dilute system, molecular concentrations are extremely low
requiring very sensitive techniques to detect PLs and other constituents of the VH. In the
past, PLs have been quantified in ocular tissues (lens and retina) using 31P NMR.80,81,82,83
Unfortunately, this approach does not provide the sensitivity needed to establish the
regional PL composition of VHs. So far, matrix-assisted laser desorption ionization
(MALDI) mass spectrometry (MS) has been successfully applied to study the distribution
of lipids, proteins, and other metabolites throughout the retina and lens.84,85,86,87,88,89,90
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This report focuses on the development of analytical methodologies to determine
the source and to quantify the ex-situ and in-vitro regional distribution of PLs in porcine
VHs. Determining compositional differences in various regions of the VH will help us
explore compositional changes that may contribute to the liquefaction of VHs.
The two analytical methods used to explore the VH are matrix-assisted laser
desorption ionization mass spectroscopy (MALDI/MS) and nuclear magnetic resonance
spectroscopy (NMR). The next sections address the principles and applications of MS
and NMR.

MASS SPECTROSCOPY
Mass spectroscopy background
According to Webster’s dictionary, mass spectroscopy (MS) is “an instrumental
method for identifying the chemical constitution of a substance by means of the
separation of gaseous ions according to their differing mass and charge”. MS involves the
ionization of analytes and analysis of their mass-to-charge ratios (m/z).91 The ion sources
can either involve hard ionization or soft ionization. Hard ionization promotes the
molecules to an excited state and then the relaxation process involves the breaking of
bonds, which causes fragmentation of the parent ion. Soft ionization causes little, if any,
fragmentation of the parent ion. As a result, the most intense peak occurs at the m/z value
of the parent ion. Some of the most commonly used ionization sources include electron
ionization (EI), chemical ionization (CI), electrospray ionization (ESI), matrix-assisted
laser desorption ionization (MALDI), fast atom bombardment (FAB), and secondary ion
mass spectrometry (SIMS), and desorption electrospray ionization (DESI).92
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Types of ionization sources
Electron ionization:
In EI, the analyte in the gas phase is ionized using a beam of energetic electrons
(70eV) from a heated filament source, which is usually W or Re.93 Upon impact, radicals
are produced and their instability leads to fragmentation and formation of cations.94 EI is
a hard ionization technique so the parent ion fragments to daughter ions. Advantages of
EI include high reproducibility, high ionization efficiency, and sensitivity. Disadvantages
include only formation of cations, the sample has to be volatile, and limited to low
molecular weight (under 600 Da) compounds. In addition, it cannot be used to analyze
mixtures or used for imaging.
Chemical ionization:
CI involves the use of a reagent gas that at high pressure collides with the analyte
to form ions.95 The reagent gas can be selected to react with multiple compounds or
specific molecules. Less fragmentation occurs using CI compared to EI, which makes it a
softer form of ionization but it is still not applicable for imaging.96
Electrospray ionization:
In ESI, the analytical solution, in a polar solvent, travels through a capillary tube
with a conductive tip held at a high voltage at a low flow rate. A positively or negatively
charged spray is produced.97 If positive, the anions move to the tip of the capillary tube
and the cations toward the inlet of the MS. It passes through a desolvating tube where the
solvent is evaporated and the analyte forms charged droplets.98 The droplets become
smaller and smaller as the solvent evaporates causing an increase in the charge density
until the Rayleigh limit is reached and the repulsion increases and overcomes surface
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tension. Coulombic explosions occur and as the solvent evaporates multiply charged ions
are produced.93 ESI is a soft ionization method and can be used on low or high molecular
weight molecules but can not be used for imaging. For ESI, the salt content of the analyte
needs to be extremely low to prevent clogging of the capillary tube.
Fast atom bombardment:
FAB requires the use of a matrix, often an organic compound with low vapor
pressure such as glycerol.99 A fast particle beam focuses on the analyte and matrix
mixture. The most common particle beams are Ar or Xe at 4-10keV.100 The kinetic
energy from the beam is transferred to the analyte mixture and collisions cause
desorption and ionization of the analyte.100 FAB has high ionization efficiency, low
detection limits, and can be used for generation of positive or negative ions. Even though
it is known as a soft ionization technique, fragments of the parent ion are produced and
matrix-related ions complicate the spectrum. This ionization method is not applicable for
imaging.
Secondary ion:
In SIMS, an ion beam, usually Ar+ or Cs+, is directed to the surface of the solid
analyte causing ‘sputtering’ of secondary ions.101 The parent ion is not seen and is
fragmented. The power of the ion beam is responsible for the ionization efficiency and
the amount of fragmentation. Imaging is possible in SIMS due to the ability to focus the
ion beam, which leads to good special resolution.102 However, since only fragments are
detected, the parent ion(s) from which they derive cannot be determined. SIMS has been
used for imaging applications.
Desorption electrospray ionization:
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DESI operates at atmospheric pressure. An electrically charged mist is focused
into the surface of the analyte and is attracted to the surface by applying a voltage on the
sample.103 Ionization of the analyte results from the formation of charged analyte-solvent
droplets. The ions are desorbed and carried to the MS analyzer.93 Limitations of DESI
include poor spatial resolution and potential sample degradation upon solvent interaction.
However, it still can be used for imaging.
The ionization technique used for this project is MALDI and will be explored in
more detail in the following sections.
Mass Analyzers
Common types of mass analyzers used in MS are magnetic sector analyzer
(measures momentum, resolution: 105), quadrupole ion trap (measures frequency,
resolution: 104), cyclotron resonance (ICR) analyzer (measures frequency, resolution:
106), time of flight (TOF) detector (measures flight time, resolution: 103).
Magnetic sector:
A magnetic sector analyzer works by accelerating the ions into a flight tube. The
ions are separated based on their charge and velocity. The ions travel in an arc due to the
applied magnetic field. The size of the arc depends on the m/z value. The larger values
will have a larger arc. The magnetic field is scanned over a variety of strengths. Specific
magnetic field strengths will allow only specific m/z values to be detected. If the ion does
not have the selected m/z value, it will have a trajectory that will not allow it to pass
through to the detector. The m/z value detected is based on the magnetic field strength, B,
the accelerating voltage, V, and the radius of the circular path, r, from the following
equation: m/z=B2 e r2 / 2V.104
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Quadrupole:
A quadrupole mass analyzer consists of four parallel rods that have DC voltages
of opposite signed applied to opposite rods. Two of the rods are positively charged and
two are negatively charged. Ions drift through the four parallel rods. Variable AC
potentials are applied and cause the ions in the detector to oscillate around the center of
the rods. When the voltage is changed, the m/z value of the resonant ion can be controlled
and causes the non-resonant ions to collide with the rods and filter out.105 The m/z value
detected depends on the frequency of the rf field, f, and the internal radius of the
quadrupole, r0, in the following equation:93
m/z=0.069V/f2ro2
Another type of quadrupole is an ion trap, which is a 3D version of the quadrupole and
has 3D electric fields to store ions. For a quadrupole ion trap, a radiofrequency is applied
to the ring electrode and the two exit endcap electrodes are grounded. Ions with the
targeted m/z value circulate in the stable orbit of the cavity surrounded by the ring. When
the voltage of the trap is increased, the orbits of the heaver ions are stabilized and the
lighters ones are destabilized and collide with the ring electrode. The equation to
determine the m/z for the ion trap is:93
m/z=0.1075V/f2ro2
Cyclotron resonance
In ICR, the ions enter the detector and are trapped in a circular orbit that is
perpendicular to the applied magnetic field.106 Their radius depends on the ion velocity.
The trapped ions are excited from the applied oscillating electric field perpendicular to
the magnetic field. The ion can absorb energy from an applied electric field if the
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frequency of the field matches the cyclotron frequency. The absorbed energy increases
the velocity of the ion and the orbital radius increases. Once the electric field is removed
the radius remains increased. To determine the m/z value detected, the fixed magnetic
field, B, and the cyclotron frequency, fc, must be known in the following equation:93
m/z=B/fc
The TOF analyzer is commonly used with MALDI and will be further explored in the
following section.

MALDI
Basic principles of MALDI
Franz Hillenkamp and Michael Karas developed MALDI in 1985. MALDI is a
soft form of ionization and requires the use of a matrix. The matrix needs to be
significantly more concentrated than the analyte, co-crystallize with the analyte, and be
able to absorb at the wavelength of the laser.104,107 The matrix and analyte can be “premixed” before spotting small aliquots on a stainless steel MALDI or applied using the
“dried droplet” method where the analyte is spotted on the plate, dried, and the matrix is
spotted on top of the spot. The co-crystalized complex is dried and inserted into a
chamber, which is usually at a high vacuum pressure (10-7Torr). A laser is fired directly
on the samples and the matrix absorbs the radiation.107,108 The energy causes the matrix to
be promoted to a higher electronic state and transfer part of the energy to the analyte. The
matrix and analyte are desorbed and form a plume of ions that travel to the mass analyzer
where they are separated by their mass-to-charge ratios (m/z) (fig. 1-8).109 MALDI allows
for a wide range of molecular weights to be generated with minimal fragmentation.
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Figure 1-8. A laser is fired at the co-crystallized matrix-analyte mixture on the
MALDI plate. The ions are directed into the mass analyzer. (Source: Adapted from
Petković, M.; Kamčeva, T. FAB, ESI and MALDI Mass Spectrometric Methods in the
Study of Metallo-Drugs and Their Biomolecular Interactions. Metallomics 2011, 3 (6),
550–565.)
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However, MALDI has low spatial resolution particularly if inhomogeneous
crystallization takes place.
Mechanisms for ionization in MALDI
Ionization occurs from a combination of primary and secondary ionization
reactions.110 Primary ionization reactions occur from the laser pulse and immediately
produce ions.111 Secondary ionization reactions occur in the ion plume after laser ablation
from the primary ions interacting with neutral species.111
Multiple mechanisms of primary ionization reactions have been reported. Some
examples are multiphoton ionization, exciton pooling, excited-state proton transfer, and
desorption of preformed ions.112,113 Multiphoton ionization involves the matrix molecules
absorbing two or three photons from laser radiation and forming a radical.112 This
mechanism is not favored due to the ionization potentials of the matrices, which would
require the addition of multiple photons to form a radical. Exciton pooling involves
multiple excited matrix molecules being in close proximity to each other. The molecules
redistribute their energy to one molecule, which is now able to form a radical.107,113,114
Excited-state proton transfer occurs when a matrix molecule is in an excited state and
accepts a proton before relaxation.112 The matrix can accept a proton more readily due to
the donor is more acidic, which favors donating a proton to the matrix. The simplest
primary mechanism is desorption of preformed ions. Ions are present in the solid state
and upon laser firing, the ions are desorbed from the sample.112
Secondary mechanisms are reactions occurring in the ion plume based on
thermodynamics and kinetics.110,113 They include proton transfer, cation transfer, electron
transfer, and electron capture which are thought to occur in the gas phase.112 Proton
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transfer involves the transfer of a proton from the matrix to the analyte. The analyte has a
higher affinity for protons than the matrix favoring the reaction. If the analyte has a low
affinity for a proton then the analyte is detected in its deprotonated form.
[matrix+H]+ + analyte  matrix + [analyte+H]+
[matrix-H]- + analyte  matrix + [analyte-H]Cation transfer occurs when a cation is transferred to the analyte.
[matrix+Na]+ + analyte  matrix + [analyte+Na]+
Electron transfer involves transferring an electron from the analyte to the more favorable
cations from the matrix.
[matrix]+ + analyte  matrix + [analyte]+ or [matrix]- + analyte  matrix + [analyte]For the electron capture reaction, excess electrons are needed and captured by the analyte
using the negative mode. The intensity of ions is affected by the homogeneity of the
matrix-analyte mixture, amount of collisions occurring in the ion plume, and the
temperatures reached in the plume to achieve activation energies.115
Previous matrices used for MALDI
The matrix choice is of utmost importance for MALDI/MS. A good matrix produces a
high signal-to-noise ratio for analyte peaks, absorbs at the laser emission wavelength,
produces minimal matrix related peaks to avoid interference with analyte peaks, and is
not likely to form cluster ions.116 The type of analyte will factor in to which matrix will
work the best for analysis. For example, a common matrix for proteins and peptides is 4hydroxy-α-cyanocinnamic acid.117 However, this matrix gives poor results for the
detection of lipids. For our studies, we focus on the analysis of lipids and sugars. This
section will focus on previously used matrices for these molecules.
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Commonly used matrices for lipids include 2,5-dihydroxybenzoic acid (DHB),
graphite, para-nitroaniline (PNA), 9-aminoacridine (9-AA), and 2-(2-Aminoethylamino)5-nitropyridine (AAN).118–120 DHB is one of the most popular choices for the analysis of
lipids in the positive mode. AAN and 9-AA have shown promising results in the negative
mode.121 Good results have also been reported using PNA in both the positive and
negative modes.85,122 However PNA presents a serious limitation: it sublimes under
vacuum conditions.123,124 Short acquisition times are needed thus limiting its application
in lengthy imaging experiments.125
Sugars are harder to ionize than lipids. To our knowledge there is not a standard matrix
used for detecting sugars. Different matrices have been used successfully to ionize
sugars. Some of the matrices include charcoal, 3-aminoquinoline, N-(1-naphthyl)
ethylendiamine dihydrochloride, carbon nanotubes, ionic liquid, and DHB.126–129 Our
group has had the most success using DHB to detect glucose.
Basic principles of TOF analyzer
The TOF detector allows ions to be separated based on their m/z values (fig. 1-9). The
TOF analyzer is also compatible with extracting both positive and negative ions by
adjusting the polarity of the main voltage source.130 The analyte is ionized and the ions
are accelerated into the analyzer from an applied voltage by an electric field. The applied
voltage is usually set between 15,000-25,000V depending on the m/z of the ions of
interest. All ions theoretically enter the drift tube with the same kinetic energy (KE) and
are related to the mass of the ion, m, and the velocity travelled, v. KE is also related to
the applied voltage, V, electron charge, e, and the charges of the ion, z.93,131
KE= ½ mv2=zeV
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The velocity the ion travels depends on its mass. The drift tube has no electromagnetic
fields so the ions can travel at constant velocities for a set drift length, D. The velocity is
related to D and the time travelled, t.
V=D/t Therefore, the smaller mass ions will travel faster and reach the detector before the
larger mass ions. The m/z of the ion can be calculated using the length of the drift tube,
D, the time of flight, t, and the KE in the following equation:93
m/z=2t2eV/D2
TOF analyzers have poor mass resolution because of the varying times of
ionization of ions. To overcome this limitation, delayed extraction is utilized. A delayed
extraction can improve mass resolution by allowing ions with the same m/z to reach the
detector at the same time.132 A delayed extraction involves a delay in between the laser
pulse and the application of the accelerating voltage. This theoretically allows all of the
ions to be accelerated into the drift tube at the same time.
A TOF detector can operate in a linear mode or reflector mode. In the linear
mode, the ions travel the length of the drift tube to reach the detector. Since the reflector
mode gives significantly better resolution, linear mode is usually only used when the ions
are too unstable to travel back through the drift tube. The reflector mode involves the ions
traveling the length of the tube and then they are reflected back through the tube from a
relectron to a detector. A reflectron is made up of a series of rings at the end of the drift
tube that have applied voltages. The voltage of the rings increases linearly. Ions penetrate
the reflectron until they no longer have any KE. Then they are accelerated in the opposite
direction into the drift tube with their initial KE. The ions that have a higher KE,
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penetrate deeper into the electric rings than the ones with less KE. The reflectron corrects
for varying arrival times to the detector and increases the path lengths.93

Previous applications of MALDI-TOF
MALDI has many practical uses. Some of the purposes pertinent to this project
are its biological applications and ability to provide qualitative data. Some of the
shortcomings seen with MALDI are low reproducibility and difficulty with matrix. The
matrix needs to be able to absorb the laser radiation and transfer the energy to the analyte
so both can be ionized. The matrix needs to produce homogenous spots to help overcome
the lack of reproducibility commonly associated with MALDI. Several matrices are often
tried to find one that ionizes a specific analyte. MALDI provides many advantages. It is a
soft ionization technique so the analyte usually will not undergo extensive fragmentation,
which allows the parent ion to easily be detected. Minimal sample preparation is needed,
which allows the sample and matrix to be applied to the plate and analyzed. MALDI is a
fast, accurate approach that can be applied for bioanalysis. MALDI has already been used
extensively to characterize the regional composition of the lens and retina through
imaging experiments. This technique offers the versatility needed to study a delicate
tissue such as the vitreous humor and was used in the analysis of the regional
composition of the VH.

NMR
Basic principles of NMR spectroscopy
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For an atom to be NMR active, it needs to have a nuclear spin. 1H,

13

C, or
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P

have a nuclear spin of ½ making them NMR active. Atoms that have a nuclear spin of
zero, such as 12C, do not give NMR signals. When the nuclei are places in a magnet, they
align with the magnetic field and have angular momentum, creating an electrical current.
The nuclei spin along their own axis creating a small magnetic field. The frequency the
nuclei are spinning is known as the Larmor frequency, vo, and is linearly related to the
magnetic field.133 It can be calculated using the strength of the magnetic field, B0, and the
magnetogyric ratio, ϒ, which is the strength of the small magnetic field surrounding the
nuclei. The magnetogyric ratio varies for different nuclei. For example, 1H has a
magnetogyric ratio is four times larger than that of 13C.133
vo= ϒ B0 / 2 
For nuclei with a spin of ½, α and  quantum states are possible. In the α-state, the nuclei
are aligned with the external magnetic field and in the -state they oppose the magnetic
field. There is a small population difference between the α and  states. The energy
between the quantum states depends on the strength of the external magnet. The stronger
the magnet, the larger the energy gap between states.134
E=hvo
Once the nuclei experience the external magnetic field, a relative small excess of spins
are in the alpha state. Upon the application of a short but strong pulse of
radiofrequencies, the orientation of the spins flips to the -state causing the net
magnetization to be in the z plane (Fig. 1-10).133 The nuclei experience a pulse with
radiofrequencies applied at 900 with certain delay times in between pulses. The length of
the applied pulse determines the needed tipping angle and changes as α-state spins are
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promoted to the -state. After the pulse, the excited nuclei return to equilibrium in which
an excess α-state spins is present. The magnetic field applied to the nuclei induces an
energetic transition that is dependent on the electron density around the specific nuclei.93
After the pulse, free-induction decay (FID) signals are acquired and the frequency of this
decay is related to the chemical shift of a given nucleus. The relaxation causes decay in
the signal over time. The FIDs are averaged together and converted to a spectrum after
applying the Fourier Transform.
Chemical information obtained from NMR
Once the nuclei are excited, they relax to their equilibrium state. The relaxation
process involves two main types of relaxation, T1 and T2. T1 is the longitudinal relaxation
in the z-plane caused by nuclei magnetic fields oscillating at the Larmor frequency. It is
the process of establishing the normal Gaussian population distribution of the α and 
spin states, and measures the average lifetime of nuclei in the higher energy state by
calculating the spins in the beta state returning to the excess α spin state, known as the
Boltzman equilibrium. T1 is a 1st order exponential decay and is influenced by the
mobility of the lattice. The excited spin release energy to the lattice.93 When the motions
of the molecules in solution are slower, T1 is smaller and more efficient. The most
efficient longitudinal relaxation occurs when T1 is near the Larmor frequency. Larger
molecules or viscous solutions tend to have shorter T1 relaxation times but once the
molecular motions are slower than the Larmor frequency, T1 increases (fig.1-11).
Quaternary carbons have longer T1 values because they have an absence of motional
effects compared to carbons bonded to protons.93
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Figure 1-10. When nuclei are exposed to an applied magnetic field, they align with
the field in the alpha-spin state or against the applied field in the beta-spin state.
The stronger the applied magnetic field is, the larger the energy gap is between the
alpha and beta states. (Source: Adapted from process-nmr.com)
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Figure 1-11. Shows the expected T1 and T2 values based on the size of a molecule.
(Source: Adapted from R. Keshari, K.; M. Wilson, D. Chemistry and Biochemistry of
13 C Hyperpolarized Magnetic Resonance Using Dynamic Nuclear Polarization.
Chemical Society Reviews 2014, 43 (5), 1627–1659.)
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T2 is the relaxation in the x-y plane and is the loss of phase coherence among
nuclei. During the scan, a 900 pulse is applied and the nuclei spins are aligned in one
direction but due to the inhomogeneity in the magnetic field or the interactions between
the spins without energy transfer to the lattice the orientation is lost. If two similar nuclei
have the same precession rates then the magnetic field of each nucleus can interact and
cause an interchange of states so the excited nuclei relax and relaxed nuclei are excited.
However, there is no net change in the spin state population.133 When the applied
magnetic field varies from nucleus to nucleus, it can cause broadening because a band of
frequencies is absorbed instead of a single one. Broadening could also be due to the other
magnetic nuclei whose spins create local fields that could enhance or reduce the applied
magnetic field. T2  T1 because the α and  states naturally return to the z-plane causing
the loss of magnetization in the x-y plane.
Electrons from surrounding atoms have their own magnetic field known as
diamagnetic currents that oppose the external magnetic field. The diamagnetic currents
can reduce (shield) or enhance (deshield) the effect of the magnetic field on the proton.
The shielding effect increases with increased electron density and higher atomic numbers
because more electrons orbit the nucleus. Neighbors that can increase or decrease the
electron density also affect it. The chemical shift, , can be calculated using the absolute
frequency, v, and the Larmor frequency, v0 and is in parts per million.93
=106(v-v0)/v0
A spectrum of a molecule will have a resonance for each nucleus in a different chemical
environment. If two separate nuclei experience the same chemical environment, only one
peak will appear but with a higher integration.
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A valuable piece of information that can be obtained from NMR spectra is the
spin-spin splitting. Spin-spin splitting occurs when protons are bonded to adjacent atoms
and have different chemical shifts. The magnetic field of the neighboring proton disturbs
the external magnetic field causing an enhancement or a reduction depending on if the
proton is in the α or  state. Since the nuclei are nearly 50:50 in the α: state, the proton
resonance is split in half producing a doublet.133 If there is more than one neighboring
proton, the splitting pattern can be more complex due to all the possible orientations of
the protons. The ratio for the intensity of the splitting pattern follows Pascal’s triangle.
When a proton has two neighboring protons, there is a triplet splitting pattern with an
intensity of 1:2:1 where the center peak has double the intensity of the two outer peaks.
The spin-spin interactions can also be used to determine stereochemistry of molecules by
measuring the strength of the interactions. The strength is measured by the J value (Hz),
which is the peak separation within the splitting pattern.133
The chemical shift can also be affected by hydrogen bonding. When hydrogen
bonding occurs, the chemical shift increases because the proton is deshielded.135
Hydrogen bonding can affect the chemical shift of OH and NH protons. They can also
undergo proton exchange.133 Depending on the solvent used, it can hydrogen bond with
hydroxyls or amines creating changes in the chemical shift of the protons. When
deuterated chloroform is used as the solvent, no H-bonding occurs with the solvent.
However, if a solvent is a strong hydrogen bond acceptor, such as DMSO, an exchange of
OH protons occurs causing the signal to shift downfield. If D2O is used as the solvent, no
peak will appear because the OH can be transferred to the lone pair of the solvent.
Previous NMR Applications
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NMR spectra provide information on the interactions between molecules through
several methods. Simple 1H NMR can be used to observe the change in chemical shift
when a ligand, such as glucose, is titrated into a protein solution and determine the
binding affinity. The changes in chemical shifts can indicate interactions.136 Isotope
labeling in heteronuclear single quantum coherence (HSQC) can observe interactions
based on the chemical shift as well. T1 and T2 measurements can be used to infer
molecular interactions through peak broadening and lower T1 values.137
NMR spectroscopy has been used in this project used to study interactions
between vitreal components that could be responsible for vitreal liquefaction.

REASONS FOR THIS PROJECT
The VH occupies 80% of the ocular volume and has important functions such as
the maintenance of the ocular volume and its transparency by blocking the passage of
large compounds that would interfere with vision. The compositional/structural changes
that take place as the gel-like structure of the VH slowly turns into liquid over time need
further study. Liquefaction is detrimental to ocular health because it can cause serious
diseases such as retinal detachment.
To our knowledge, the potential role(s) that PLs may play in liquefaction have yet
to be studied. Our long-term goal is to determine the structural/conformational alterations
brought by compositional changes in PLs and their metabolites from peripheral tissues.
This research will help us gain a deeper understanding of the mechanisms of liquefaction
at the molecular level, the understanding of interactions between vitreal components, and
the effect species migrating in from retinal tissue have on the biomatrix. This knowledge
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will be helpful for the development of future approaches to prevent vitreal and retinal
diseases.
Chapters 2 and 3 focus on mapping the regional distribution of PLs and glucose in
mammalian VHs to better understand the regional composition and the role they have on
liquefaction using MALDI/MS. Based on the data collected, chapter 4 uses NMR and
MALDI/MS to explore the interactions of HA-PLs and HA-glucose. It explores the
role(s) that PLs and glucose could have in disrupting the gel-like HA-collagen-water
hydrogen bonded network and possible effects of liquefaction. Chapter 5 concludes with
a summary of the work and future directions of this project.
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CHAPTER 2
REGIONAL DISTRIBUTION OF PHOSPHOLIPIDS IN PORCINE VITREOUS
HUMORS

INTRODUCTION
The VH is located between the retina and the lens of the eye and occupies 80% of
the ocular volume. A highly hydrated (98% water) network of collagen and HA leads to
its gel-like consistency. It is believed that the collagen creates the framework and the
highly hydrated HA fills the spaces thus adding stability to the network. In addition,
proteoglycans, PLs, other glycosaminoglycans, and metabolites are present in the VH.1,38
Indeed, it is considered as a ‘repository’ of compounds derived from adjacent tissues.59
As the VH ages, the gel-like structure of the VH is slowly lost. This process is
referred to as liquefaction and it has been reported to start as early as age four in humans.
After seven decades of life, 50% of the VH is liquefied.59 There are many hypotheses on
how or why the VH liquefies. For example, it has been proposed that enzymatic activity
disrupts the collagen network; type IX collagen breaks down causing type II collagen to
stick to itself; HA breaks down; collagen and HA interactions are hindered because
macromolecules change the conformation of HA.23,27,47,59 Liquefaction is a serious
problem because it can lead to ocular diseases such as posterior vitreous detachment,
macular hole formation, and retinal detachment.48 Although much information is

43

available regarding the VH, little is known about the specific molecular changes that
affect the composition and structure of the VH and lead to its liquefaction.
The VH has been studied using dark-field slit microscopy as an in-vitro technique
that showed the structure of collagen and age- related changes on the overall vitreous
structure. NMR spectroscopy was applied in vitro to study the VH. From the decrease in
the longitudinal and transverse relaxation times, Aguayo et al. showed a reduction in the
VH viscosity when collagenase was added.78 However, the addition of hyaluronidase led
to minor changes whereas ascorbic acid did not. Dynamic light scattering has been used
to observe changes in the level of heterogeneity and particle size in diabetic vitreopathy.
Optical coherence tomography has also been applied to measure the size and distance
between structures within the VH.77
The presence of minute amounts of PLs in the VH was reported as early as 1954
by D'asaro.30 Due to the extremely low PL concentrations, very sensitive techniques are
needed to detect PLs and other constituents of the VH. In the past, PLs have been
quantified in ocular tissues (lens and retina) using 31P NMR spectroscopy.80,83
Unfortunately, this approach does not provide the sensitivity needed for the regional
quantification of PLs composition of VHs. At this time, MALDI/MS has been
successfully applied to study the distribution of lipids, proteins, and other metabolites
throughout the retina and lens.84–90
MALDI is a soft ionization technique in which a matrix compound is mixed with
the sample. This matrix is present in excess relative to the analytes and absorbs at the
wavelength emitted from the laser source. The matrix and analytes are placed on a plate
where they co-crystallize. This metal plate is inserted into the ionization chamber held at
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high vacuum levels.108 A laser is fired, the matrix absorbs the energy that is then
transferred to the analyte(s). Sublimation of the matrix and analyte occurs causing their
desorption and ionization.93 Neutral species can be protonated or cationated and lead to
the presence of cations from the parent molecules.138 Negative-ion spectra can also be
acquired and the peaks correspond, most often, to the deprotonated analytes.138
The matrix choice is of utmost importance for MALDI/MS. Good results have
been reported with the use of PNA for the analysis of lens PLs in-vitro and in-situ.

85,122

Although it has been successfully used in ambient-pressure MALDI, PNA sublimes
under high vacuum conditions and while it can be used for short (20-30 min) acquisition
times, this matrix is not suitable for lengthy imaging experiments.139,123,124,125 This report
focuses first on the development/optimization of the analytical approaches for measuring
in vitro and ex situ the regional distribution of PLs in porcine VHs. Secondly, by
comparison of the compositions of the anterior, central and posterior vitreous regions
with those corresponding to the lens and retina, the possible sources of PLs in the VH
will be assessed. To our knowledge, the potential role(s) that PLs may play in
liquefaction have yet to be studied. Determining regional compositional differences in the
VH will contribute to our understanding of the molecular changes that lead to VH
liquefaction.

EXPERIMENTAL
Chemicals
Para-nitroaniline (PNA), chloroform (CHCl3), and methanol (MeOH) were purchased
from Aldrich Chemical Co., Inc. (Milwaukee, WI).
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Tissue source
Porcine eyes were collected from a local abattoir and immediately dissected or frozen at 4
C. Although the actual age of each eye was not given, the range was between 4 and 12
months.
Matrix application
The matrix used for the analysis of PLs was para-nitroanaline (PNA) dissolved in
methanol (26 mg PNA/mL MeOH). Several approaches were tested for the matrix/sample
application, as listed below.
‘Dried-Droplet Method’: A 1-mL aliquot of PNA solution was spotted directly on top of
either a clean MALDI plate (blank) or a sample previously spotted on the stainless-steel
MALDI plate.
‘Premix Method’: A PL sample (extract or control) and the PNA solution were premixed
and spotted on a MALDI plate.
‘Dip Method’: The entire MALDI plate was dipped in a dish filled with PNA solution (26
mg PNA/mL MeOH). The solvent was evaporated using a stream of cold air from a blow
dryer.
‘Sublimation Method’: A dish with PNA crystals was placed on a hot plate and a MALDI
plate was placed 2 inches above the dish. Heat was applied (low setting) for 20 min or
until all PNA was sublimed onto the MALDI plate with or without (blank) a stamped
sample.
‘Recrystallization Method’: (Adapted from Duenas et al., 2016140). A plate coated with
sublimed PNA was placed in a Petri dish (See Fig. 1). A piece of tissue (Kimwipes®
(Kimberly-Clark, Roswell GA)) cut in half was wetted with 1 mL MeOH:CHCl 3 (1:2)
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and placed in the bottom of a Petri dish and sealed with tape to form a solvation chamber.
The chamber was placed in a warmed oven at 50 C for 2 min.
Ex-situ analysis
‘Core Stamp Method’: A porcine eye was frozen in liquid nitrogen. Then, the VH was
separated from the rest of the eye by removing the sclera, retina and lens. A copper tube
(1⁄4 inch diameter) with a jagged edge was introduced into the frozen VH to collect the
‘core’ of the VH. The tube was removed from the VH and the frozen core was pushed
through the tube slowly and stamped repeatedly at different locations on the MALDI
plate. Because the edges of each print were exposed to the tube walls that touched other
areas of the VH, only the center of each stamp was analyzed. PNA droplets (1 mL) were
spotted onto the center of the stamps.
‘Stamp Method’: A frozen porcine ocular globe was sliced along the sagittal plane and
the VH was isolated. One of the halves was taken and placed on a MALDI plate for 20 s
and removed. Longer ‘stamp’ times caused layers that were too thick for analysis. The
MALDI plate was either dipped in PNA or left clean for the stamping process. After
stamping, PNA was sublimed or spotted onto the stamp if the dip method was not used.
In-vitro analysis
The VH was obtained in the same way as in the stamp method but it was then sectioned
to collect the posterior, central and anterior regions. Once the three sections were
isolated, a thin layer of the outermost regions was discarded to remove residual tissue
form the adjacent zones. The remaining section was then analyzed. Each section was
extracted using the Bligh and Dyer method141 by adding 3.75 mL of MeOH:CHCl3 (2:1)
per gram of tissue. After sonication, 1.25 mL of CHCl3 and 1.25 mL of H2O were added
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per gram of tissue. Other extraction methods used included extraction with just MeOH or
with MeOH:CHCl3 (1:2).142 The organic layer of the extract was mixed with solid PNA
to achieve a matrix concentration of 26 mg/mL. The solution containing the organic
extract and PNA was spotted directly on a MALDI plate and analyzed.
Data acquisition
A matrix-assisted laser desorption ionization time of flight/mass spectrometer (MALDITOF/MS, Voyager Biospectrometry DE workstation, Applied Biosystems, Foster City,
CA) with a nitrogen laser that emits at 337 nm was used to analyze all samples. Positive
and negative-ion spectra were collected in the reflector mode. An accelerating voltage of
20 kV was applied after an extraction delay time of 75 nsec. The laser energy was 70 ± 5
mJ and the pulse rate 3 Hz. The laser intensity was adjusted to result in minimum
fragmentation and high sensitivity. The mass range of 50-1200 m/z was used and 75
shots were averaged per spectrum in both positive and negative mode. Data Explorer
software version 4.8 (Applied Bio- systems, Foster City, CA) was used to analyze the
data.

RESULTS
Experimental optimization
The solvent systems tested to dissolve the matrix, PNA, were those used for
extracting PLs from tissue: MeOH:CHCl3 (1:1), CHCl3, MeOH:H2O (1:1), and MeOH.
As seen in Fig. 2-1, when PNA was dissolved in MeOH only, intense interference peaks
were present. The peaks were also observed when H2O:MeOH (1:1) was used. The
interference peaks are believed to be due to polyethylene glycol (PEG) chains since the
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average experimental difference of m/z values between adjacent peaks is 44.022 ± 0.013.
The theoretical value for the -(OC2H4)- repeating unit is 44.026, well within the
observed experimental range. However, PEG-related peaks previously reported in
literature (m/z 503.31, 547.33, 591.36, etc.) are 2 a.m.u. lower than those observed
herein.143 Glass vials and pipettes were used to prevent contamination from the plastic
material but the interferences were still detected. Studies are underway to determine the
source of the contaminants. These interferences were greatly reduced by using a less
polar solvent, such as CHCl3 (Fig. 2-1b). However, PNA does not fully dissolve in
CHCl3. To overcome this problem, a 1:1 mixture of MeOH:CHCl3 was tested. This
allowed for suppression of the interference peaks and complete solubility of PNA as seen
in Fig. 2-1d.
Unfortunately, other interferences appeared at m/z values of 647.49, 663.48, and
685.47 when using CHCl3 (Fig. 2-2). These peaks were initially thought to be due to
sphingomyelin (SM) [SM(18:0/ 13:0)+H]+ and SM[(18:1/12:0)+H]+ with m/z values of
663.54 and 647.51, respectively. However, literature searches revealed that these peaks
had been observed in previous studies and are related to tris(2,4-ditert-butylphenyl)
phosphite, referred to as Irgafos 168.144 The theoretical m/z values for its protonated,
sodiated and potassiated adducts are 647.46, 663.44 and 685.42. Irgafos is a processing
stabilizer and antioxidant that is present in Eppendorf tubes. The solubility of Irgafos 168
is 25 mg/ mL in chloroform but is insoluble in water (0.00009 mg/mL).145 This is the
reason for which the interferences were only observed when chloroform was used as a
solvent in the Eppendorf tube. When glass vials were used, these peaks were no longer
detected.
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Figure 2-2. PNA dissolved in a) plastic Eppendorf tube and b) glass vial. Since the
solvent system of CHCl3:MeOH (1:1) was used with the matrix, the CHCl3, reacted with
the plastic tube causing Irgafos 168 to appear in the spectra. Once the plastic was
replaced with glass, the peaks no longer appeared.
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In-vitro results
Experimental Aspects:
After the PNA conditions were optimized, several extraction methods for in-vitro
studies were explored. They include the use of MeOH:CHCl3 (1:2), MeOH only, as well
as the Bligh and Dyer (B&D) method in which a biphasic system, MeOH:CHCl3:H2O
(2:2:1), is used. Interestingly, but not surprisingly, different extraction approaches were
more effective for each of the various ocular tissues. Overall, the sensitivity observed in
the spectra for lens and retinal MeOH extracts was higher than that for the MeOH:CHCl3
extracts, but the compositional trends were the same. In addition, a few PLs undetectable
in MeOH extracts of VHs could be detected in the MeOH:CHCl3 extracts. The sensitivity
obtained for the VH B&D extracts surpassed that of the other two extraction methods.
For example, the signal-to-noise ratio (S/N) for the peak at m/z 734 was 730:1 (B&D) but
only 100:1 and 130:1 in the MeOH:CHCl3 and MeOH extracts, respectively. More SM
species were also detected using the B&D method, which was therefore chosen to explore
the regional PL composition of porcine VHs.
Regional PL distribution:
The PLs detected in the lens, VH regions and retina are listed in Table 2-1. No
peaks related to PL metabolites or fragments were detected below m/z of 700 suggesting
that these species are not present or are below detection limits in young porcine VHs.
Positive-ion mass spectra of the MeOH:CHCl3 extracts of porcine VH showed several
phosphatidylcholine (PC) species, with PC(34:1) in highest abundance, followed by
PC(32:0) (Fig. 2-3). In the retina extract, high levels of PC(34:1) were observed and
SM(16:0) was also detected. The lens extract also showed PC species. PC(32:0) was the
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Figure 2-3. Extraction of PLs using MeOH:CHCl3 (1:2) (a) and MeOH only (b) on the 1)
lens, 2) VH, and 3) retina. *Note that the axis for 1b and 3b are in a different scale due to
the high relative intensity of the PL peaks. The extraction method using MeOH:CHCl 3
(1:2) and MeOH only have previously been used to study retinal and lens tissue.
However, these methods do not prove to be ideal for studying the VH.
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most abundant, and PC(30:0) was also observed.
As seen in Fig. 2-4, there is a greater abundance of PCs in the posterior region of
the VH. The highest levels were seen for PC(34:1) followed by PC(32:0). The anterior
region showed the presence of SM(16:0) as well as the PC species. However, their
abundance was lower relative to the posterior region. Negative-mode mass spectra were
also collected for the all the extracts. PL related peaks were not detected in the negativeion mass spectra of VH extracts. This is believed to be due the relatively minute levels of
PLs in porcine VHs and the inherently lower sensitivity of negative-ion spectral data.
However, the lens and retina samples extracted using the B&D method showed a variety
of species. The lens extract showed high levels of phosphatidylethanolamine plasmalogen
(PEp) (36:2) followed by PEp(34:1). In addition, phosphatidylserine (PS) (36:1) and
PS(34:1) as well as phosphatidylinositol (PI) (36:2) (Fig. 2-5). The peak corresponding to
PEp(38:4) was the most intense followed by those of PI(38:4) and PS(36:1). PEp(36:2),
PEp(34:1), PEp(40:4), and PS(38:4) were also present but in lower relative levels in the
retina extract.

Ex-situ results
Experimental Aspects:
Several approaches were tested for the application of the matrix and sample onto
the MALDI plate. Initially, the MALDI plate was dipped in PNA (26 mg/mL of MeOH)
and the VH was stamped on top of the dried matrix. This approach showed little promise
as only the potassiated species of PC(34:1) and PC(32:0) were detectable with relatively
poor S/N (80:1 and 30:1, respectively). Secondly, PNA was sublimed on top of a dried
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Figure 2-4. B&D extraction of the a) anterior region of the VH, b) central region of the
VH, c) posterior region of the VH, d) lens, and f) retina from e) frozen porcine eye. The
B&D extraction showed to be the best method for the analysis of PLs in the VH. The
regional trends can be seen that the highest abundance of PLs are in the posterior
followed by the anterior and the central regions.
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Figure 2-5. e) Imprint of porcine VH on a MALDI plate and regionally spotted with
0.100uL of PNA from the a) posterior VH, b) central VH, c) anterior VH, d) retina, f)
lens. The anterior VH stamp reflects similar species detected in the lens such as
SM(16:0) and PC(32:0). The posterior region shares similarities with the retinal tissue
with PC(34:1) being the most intense species in both.
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tissue stamp. This technique was not successful because the PNA did not co-crystallize
with the dried tissue and sublimed once exposed to the vacuum environment of the
MALDI before the acquisition could begin. A variation of this method was tested.140
After matrix sublimation onto the stamped sample, a recrystallization step was
incorporated. Although more PL species were detected relative to the ‘dip’ method, the
sensitivity was still poor. The S/N was 20:1 for PC(32:0) and 30:1 for PC(34:1). Lastly,
the VH was stamped onto a clean MALDI plate but in this case, a 0.1-mL aliquot of PNA
dissolved in MeOH:CHCl3 was spotted on top of the dried VH stamp (Fig. 2-6). The
resulting spot was 2 mm in diameter. The S/N nearly tripled relative to the values seen
with the dip method, going from 30:1 to 90:1 for PC(32:0) and 80:1 to 210:1 for
PC(34:1) in the posterior region of the VH stamp.
It is believed that the solvent in the PNA droplet (MeOH:CHCl3) allowed the PLs
to be ‘extracted’ from the biomatrix and detected more readily. The smaller aliquot of
matrix applied to the tissue produced a homogeneous distribution unlike the larger
aliquot.
Regional PL distribution:
The species present in the various regions of the VH as well as in the lens and
retina are listed in Table 2-2. In the VH, the most abundant PL in the anterior region was
PC(32:0) followed by SM(16:0). In the posterior region, the peak due to PC(34:1) was
the most intense and the overall S/N values were higher than those seen in the anterior
and central regions. The central region contained PC(34:1) followed closely by PC(32:0).
The retina and lens stamps showed that PC(32:0) was the most abundant species in the
lens stamp, followed by PC(30:0), which was not detected in the retina stamp. Overall,
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a

b

Figure 2-6. Negative mode of the a) retina and b) lens using the B&D extraction method.
A compositional variation can be seen from the different tissues. PS and PI are more
abundant in the retina where PEp is the most abundant species in the lens.
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the S/N for the PLs present in the lens were lower than those in the retina stamps for
which PC(34:1) followed by PC(32:0) were the most abundant. SM(16:0) was detected in
both the lens and retina stamps. Unfortunately, no PL peaks were detectable in the
negative-ion spectra corresponding to the stamped tissues due to the minute PL amounts
transferred to the MALDI plate and the lower sensitivity of negative-ion mass spectra.

DISCUSSION
Analytical approaches
Matrix Choice:
Although dihydroxybenzoic acid is an effective matrix for the MALDI/MS
detection of relatively small molecules, such as phospholipids, PNA was shown to be a
better choice for the PL analysis in porcine VHs.146 The best solvent system to dissolve
the PNA was MeOH:CHCl3 (1:1) because it prevents the presence of interference peaks
seen with just MeOH alone but still allows the solubilization of PNA, unlike when
CHCl3 was used alone.
In-Vitro Experimental Optimization:
As shown in Fig. 2-3, while the best sensitivity was obtained for the methanolic
extracts of the lens and retina, this was not the case for the VH extracts for which the
B&D extraction provided the best results. The B&D extraction is a biphasic system and
previous studies on the analysis of lens PLs showed the presence of sphingolipids in the
interfacial layer.142 However, for the VH extracts, while significant amounts of PLs were
detected in the organic layer, none were detectable in the interface.
Despite the mentioned changes in extraction efficiency, the type and relative
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abundance of PLs detected in the various extracts were comparable. Indeed, the overall
trends observed in the comparison of lens, VH and retina methanolic and B&D extracts
were similar.
Ex-Situ Experimental Optimization:
The thickness of the ‘stamp’ affects the sensitivity of the mass spectral data.
Because the degree of transfer from the tissue to the MALDI plate is tissue dependent, it
is necessary to evaluate the optimal time of contact between the tissue and the plate. If
the transfer is not effective, the analytes may be undetectable. Conversely, if the
thickness of the stamp is too large, the effectiveness of the ionization suffers.
In addition, the deposition of the matrix onto the stamp is also critical for regional
studies. Spreading of matrix can lead to relocation of analytes. In these studies, the
spotting of PNA (0.10 mL aliquots) on the VH stamps gave the highest sensitivity,
followed by the dipping method. For this reason, the same approach was used for the
analysis of lens and retina stamps. Overall, both the extraction efficiency and matrix
deposition approaches are highly dependent on the nature of the tissue. As expected, the
regional analysis of ‘stamped’ tissue reveals more details on the PL distribution than the
in-vitro studies where the results correspond the extracted PLs from the pooled tissue. As
a consequence, the sensitivity obtained in the ex-situ mass spectral data is lower than that
seen in the in-vitro studies.

PL regional distribution
In-vitro Studies:
Among the three tissues tested, most PLs were found in the retina followed by the
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lens and then the VH. The VH contained mostly PC(34:1) followed by PC(32:0). Within
the VH, the greater abundance of all detected PLs was found in the posterior region
followed by the anterior and center zones. No species were detected in the negative mode
for the VH. The negative mode showed the lens had PEp(36:2) and (34:1) with the
highest S/N. These species have been previously reported to be present in porcine
lens.85,147 PEp(36:2) was also detected in porcine lens using desorption electrospray
ionization MS.148 The retina showed a great abundance of unsaturated PLs; PEp(38:4),
PS(36:1), and PI(38:4). As shown in Table 2-3, high abundance of PI followed by PE and
PS species has also been reported in mice, salamander, and human retinas.84,149,150
Ex-Situ Studies:
The general trends seen in the in-vitro studies were also followed by the data
collected ex situ. Indeed, there was a greater abundance of PLs in the retina relative to the
lens and VH as well as a higher degree of unsaturation PC(34:1), (38:4), and (40:6) in the
retina and posterior region of the VH than in the lens where saturated species are
predominant, PC(30:0) and PC(32:0). The high levels of unsaturated species in retinas
from various animals have been reported (see Table 2-3).84,149,150 The only variation was
to the presence of minute levels of PS(34:1) in the porcine retina reported herein. Unlike
human lenses that contain high levels of dihydrosphingomyelin, this sphingolipid was not
detected in the porcine lens tissue most likely due to the young age of the porcine
tissue.81,142
The similarities of the PL species detected in the posterior region of the VH and
the retina suggests that the retina is the source from which the VH lipids are derived.
Interestingly, PCs, triacylglycerides, and cholesteryl esters have been reported as the
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Retinal Tissue
Porcine* (Our data)

Positive Mode
PC(34:1)
PC(38:4)
PC(40:6)
PC(32:0)
SM(16:0)
SM(24:1)
PC(34:1)
PC(32:0)
PC(38:6)
PC(40:6)
PC(36:1)
PC(38:4)
PC(36:1)

Negative Mode
PEp(38:4)
PEp(36:2)
PEp(34:1)
PE(36:1)
PS(36:1)
PI(38:4)
PE(36:2)
PI(38:4)
PEp(36:2)
PEp(34:1)
PEp(36:1)
PS(38:4)
PS(36:1)
PS(38:4)

PC(34:1)
PC(32:0)
PC(38:6)
PC(40:6)
PC(32:0)
PC(32:1)
PC(34:1)
PC(36:4)
PC(38:6)
PC(40:6)

PEp(40:6)
PI(38:4)
PE(44:12)
PS(40:6)

Lens Tissue
Porcine* (Our Data)

Positive Mode
SM(16:0)
PC(30:0)
PC(32:0)
PC(34:1)

Porcine85,90,122

PC(32:0)
PC(34:1)
PC(30:0)
SM(16:0)
DHSM(16:0)
DHSM(24:1)

Negative Mode
PEp(36:2)
PEp(34:1)
PEp(38:4)
PS(34:1)
PI(36:2)
PEp(36:2)
PEp(34:1)
PEp(36:1)
PE(36:2)
PE(36:2)

Human84

Mice149,155

Salamander150

Human148

Table 2-3: A summary of the lipids found in the retina and lens of various mammals. The
data listed as Porcine* is the data collected from the current study. The rest of the data
come from other papers.

64

main components in human and porcine blood plasma with trace amounts of SM, LPC,
and PI identified in other mammalian plasma.151–153 Porcine blood plasma contains about
1000 nmol/g TAGs, 1800 nmol/g PCs, and 1500 nmol/g cholesteryl esters.154 It is
therefore possible that the abundance of PCs observed in the posterior VH could also be a
consequence of plasma leakage from the retina vasculature. Furthermore, the high degree
of unsaturation in the PLs detected in the posterior VH makes their acyl chains very
pliable and thus able to intercalate within the collagen-hyaluronan-water network. As a
result, the intermolecular forces holding the network together are proposed to be
disrupted and lead to liquefaction. Future studies will address the age-dependence of
these molecular changes.

CONCLUSIONS
PLs have previously been reported in the VH but the regional compositional
differences were not known. Since there is no lipid synthesis in VH, the species observed
are derived from adjacent tissues.59 The results of this work suggest that the PLs present
in the posterior VH migrate from the retina and associated vasculature and those in the
anterior VH from the lens. Since the saturated PLs are more abundant in the lens, it is
proposed that they are able to migrate from the lens to the vitreous. This is supported by
the presence of saturated species in the anterior region. Molecules, such as fatty acids,
and fluids have been reported to migrate into the VH from the lens.156,157 However, not
all species found in the lens have been observed in the VH. For example, whereas
cholesterol is present in lens extracts, it was not detected in the VH.
Conversely, there is a higher relative abundance of unsaturated species in the
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posterior VH and the retina. It is probable that the retina and associated vasculature could
contribute to the unsaturated species found in the posterior VH. Previous studies indicate
that the retina impacts the biochemistry of the VH.158 Liquefaction begins in the posterior
region of the VH. Since there are more unsaturated PLs in the posterior, they could play a
role in liquefaction. Our studies suggest that the permanent positive charge of the
headgroup of PCs and SMs allows for stronger interactions with the anionic hyaluronan,
relative to other PL headgroups. Furthermore, the greater degree of unsaturation of PCs
detected in the retina and posterior VH suggests that the greater flexibility of the
unsaturated acyl chains could contribute to their intercalation within the water-collagenhyaluronan network thus leading to disruption of the molecular ensemble and potential
liquefaction of the VH.
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CHAPTER 3
IN-VITRO AND EX-SITU REGIONAL MASS SPECTRAL ANALYSIS OF
PHOSPHOLIPIDS AND GLUCOSE IN THE VITREOUS HUMOR FROM DIABETIC
AND NON-DIABETIC HUMAN DONORS

INTRODUCTION
Diabetes occurs when the blood has a high level of glucose over an extended
time. The elevated glucose levels can cause serious health problems to the entire human
body including ocular diseases such as macular degeneration, retinopathy, glaucoma, and
cataracts. The effect of diabetes on the lens and retina has been previously reported. The
lens has a higher abundance of sugars in diabetics compared to non-diabetics.45 Diabetes
also causes thickening of the lens, changes in the refractive index, and increased
membrane permeability.159 The consequences diabetes has on the retina stem from the
thinning and breakdown of the BRB. The BRB is broken down from the vascular growth
factor and induces retinal leukostasis that directly leads to diabetic retinopathy.160
Diabetes also causes the inner retina layer to become thinner and causes photoreceptor
loss.161 Another ocular component affected by diabetes is the VH.
The VH occupies about 80% of the ocular volume and is located between the lens
and the retina. It is made up of about 99% water and despite this large water content, it
has a gelatinous consistency resulting from the hydration of a collagen-HA network.
Other components found at minute concentrations in the VH include chondroitin sulfate
proteoglycans, versican, proteins, PLs, glucose, and lactate.1,38
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During adolescence the VH begins to liquefy. This process starts earlier in
diabetics. Children with type 1 diabetes have vitreal liquefaction at levels comparable to
those in middle-aged healthy adults.162 The molecular structural changes that lead to
disruption of the water-collagen-HA network are not well understood.
A powerful analytical method that has been used to study ocular tissues is matrix
assisted laser desorption ionization mass spectroscopy (MALDI/MS). MALDI/MS has
been applied to determine the regional composition of lenticular and retinal tissues.
Indeed, with the application of MALDI/MS, the phospholipid (PL) composition in the
lens shows more saturated species where the retinal tissue contains more unsaturated PL
species.84,85,90,122,148–150,155
The very high content of water in the VH makes it challenging to detect components in
very low concentrations. Even with the limitations presented by the tissue, it has been
studied. The VH regional composition has been explored using MALDI/MS on porcine
eyes and showed that the highest abundance of PLs are in the posterior region followed
by the anterior and central regions of the VH.163 The PL regional distribution in human
VHs and the effect of diabetes on liquefaction have yet to be studied. Liquefaction of the
VH can lead to serious ocular diseases. The VH is considered to be a repository tissue for
adjacent tissues. Therefore, it is important to know the effect(s) that elevated glucose
levels and weakening of the retinal barrier have on the distribution of PLs and glucose in
the VH.

EXPERIMENTAL
Materials
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para-Nitroaniline (PNA), chloroform (CHCl3), and methanol (MeOH) were purchased
from Aldrich Chemical Co., Inc. (Milwaukee, WI). Human globes (3 normal (63 ± 13
yo); 3 diabetic type 2 (58 ± 11 yo)) were acquired from the Kentucky Lions Eye Bank
and immediately frozen at -4 C.
In-Vitro analysis
The VH of each frozen human globe was removed and sectioned into the anterior
(closest to the lens), central, and posterior regions. The outer edges of each section were
removed to avoid contamination from the other regions. Each section underwent the
Bligh and Dyer extraction using a biphasic solvent system of CHCl3:MeOH:H2O
(2:1:1).141 The organic layer of each extraction was added to PNA (26 mg/mL) and 1,2dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (0.005 mg/mL) was added to each
mixture as an internal reference.
Ex-Situ analysis
Each human globe was cut in half along the sagittal plane. The VH was removed
from one half and placed onto a clean stainless steel MALDI plate for 10 seconds and
removed. The ‘stamped’ tissue was allowed to dry completely before analysis.
Matrix application
The matrix used for the analysis of phospholipids was PNA dissolved in methanol (26
mg PNA/mL methanol). For in-vitro analysis, the extract and the PNA solution were
premixed. Several 0.75-μL aliquots were spotted onto a stainless steel MALDI plate. For
ex-situ studies, small aliquots (0.1μL) of PNA were spotted directly onto the stamped
tissue. The small volume of the added matrix avoided spreading. Interestingly, glucose
was detected using no matrix and a higher laser intensity of the VH tissue.
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Data acquisition
The mass spectrometer MALDI-TOF/MS, Voyager Biospectrometry DE workstation
was used. It is equipped with a nitrogen laser that emits at 337 nm. The positive-ion mode
was used in the reflector mode. An accelerating voltage of 20000 V was applied after an
extraction delay time of 75 nsec. The laser power was adjusted to allow minimum
fragmentation of analytes while achieving high sensitivity. The m/z range chosen
extended from 50 to 1200 with an average of 75 shots per spectrum. Data were processed
using Data Explorer.
Statistical Analysis
Two-way Analysis of Variance (ANOVA) was used to compare the effect of
diabetes (Non-Diabetic vs Diabetic) and the location within the VH. p≤0.05 was
considered statistically significant. Data are reported as mean ± standard error of mean
(SEM) for each group.

RESULTS
In-Vitro results
Mass spectral traces
Figure 3-1 shows the mass spectra obtained for the regional extracts of non-diabetic VHs
(VHnd) and diabetic VHs (VHd). The posterior region extract exhibited the highest
relative abundance of PLs followed by the extracts from the anterior and the central
regions. The reported value for the relative intensity is the intensity of the respective peak
relative to the matrix peak, which is the most intense peak on the mass spectrum. The
most prominent species detected was PC with 34 carbons and one double bond, PC(34:1)
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and its relative intensity before normalization was significantly higher in the posterior
regions of VHd (12.3 ± 6.1) extracts relative to the VHnd (4.0 ± 2.3) ones. The anterior
and central regional spectral traces showed more similar relative intensities of
[PC(34:1)+H]+ but the VHd (4.2 ± 2.8, 4.0 ± 3.6) were still more abundant than the
VHnd (3.7 ± 2.1, 2.6 ± 2.1). The relative changes of the anterior and central regions
compared to the posterior region of VHd and VHnd were also explored and showed
significant changes (=0.0007, 2-way ANOVA; Fig. 3-2). The percent error equation was
used to determine the changes in total PL abundance in the anterior and central regions of
VHs compared to the posterior region. The VHd had more variation between the
posterior region compared to the anterior and central regions (0.51 ± 0.07, 0.67 ± 0.03)
than VHnd (0.84 ± 0.04, 0.78 ± 0.08) due to the VHd having a greater abundance of PLs
the posterior than the anterior regions compared to the VHnd. VHnd had comparable
levels among the regions, which is why the values comparing the variation were closer to
1. The total relative abundances of PLs after normalization, corresponding to the anterior
(2.3 ± 0.7) and central (2.1 ± 0.5) regions of VHd were slightly more abundant to those
measured in VHnd (1.0 ± 0.7 and 2.0 ± 0.7 respectively) samples. However, the extract
of the posterior region of VHd showed about three times greater PL abundance (6.4 ±
3.7) than the corresponding VHnd extract (2.1 ± 1.3).
PC regional distribution
The relative intensity of the peaks was normalized to the DMPC peak for each spectrum.
All regional VHd extracts showed that PC(34:1) is the most abundant species. PC(34:1)
has the highest abundance in the posterior extract (14.8 ± 1.3 for VHd and 7.9 ± 2.9 for
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Figure 3-2. Comparison of the total PL composition relative to the posterior region in the
regional analysis of VHd and VHnd using in-vitro techniques. The posterior region has
the highest abundance of each PL species and is used as a standard to determine the
relative change for the anterior and central regions. Data are presented as mean ± SEM
for each eye (n=6). Two-way ANOVA showed there was variation between the VHd and
VHnd data sets (0.05).

73

VHnd), followed by the anterior extract (10.6 ± 1.4 for VHd and 2.8 ± 1.1 for VHnd),
and the central extract (4.6 ± 0.7 for VHd and 4.6 ± 2.1 for VHnd). The extracts show
that PC(32:0) and PC(36:1) are the second and third most abundant PC species in the
regional extracts. The posterior region shows the highest normalized relative intensity for
PC(32:0) (11.4 ± 2.4 for VHd and 3.3 ± 1.3 for VHnd). PC(32:0) in the anterior (5.6 ±
0.8 for VHd and 1.0 ± 0.4 for VHnd) and central regions (4.3 ± 0.5 for VHd and 1.8 ± 0.9
for VHnd) are more comparable to each other. For PC(36:1), the anterior regions show
that the average normalized relative intensity is 3.6 ± 0.5 for VHd and 1.0 ± 0.3 for
VHnd, the central regions values are 1.8 ± 0.8 for VHd and 1.6 ± 0.7 for VHnd, and the
posterior region values are 5.1 ± 0.5 for VHd and 3.4 ± 1.3 for VHnd.

Sphingomyelin (SM) regional distribution
The distribution of SM also varied between extracts of VHd and VHnd. The extract of the
anterior region of VHd had a relative SM intensity of 1.7 ± 0.2 and the posterior had 1.6
± 0.3 for SM. The corresponding extracts of VHnd showed lower levels of SM but
relative abundance of SM in the posterior region was nearly twice (1.0 ± 0.3) greater than
in the anterior region (0.45 ± 0.15).

Ex-situ Results
Mass spectral traces
Representative mass spectral traces obtained for the ‘stamped’ regions of VHd and VHnd
are shown in Figure 3-3. The posterior regions showed the highest relative abundance of
PLs, followed by the anterior and then the central regions. The VHd stamp had the
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Figure 3-3. MALDI-TOF spectra of stamped VHd and VHnd. The posterior region of the
stamps shows the highest relative intensity of PLs.
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highest relative intensity for [PC(34:1)+K]+ in the posterior (5.5 ± 3.7) compared to the
corresponding regions in VHnd stamps (1.5 ± 0.8). The VHd stamp exhibited comparable
S/N ratios for [SM(16:0)+K)]+ in the anterior (1.5 ± 0.8) and the posterior (1.5 ± 0.8) but
these values were significantly (=0.005) lower for the VHnd (posterior: 0.92 ± 0.23 and
anterior: 0.78 ± 0.22).
PC regional distribution
Figure 3-4 shows the distribution of the total amount of PLs throughout the stamps of
VHd and VHnd. Two-way ANOVA confirmed variations between the location on the
stamp and between VHd and VHnd (=0.02). The stamps of VHd showed the highest
relative abundance of PLs compared to those of VHnd. The posterior region showed the
greatest relative abundance of PCs followed by the anterior and central regions in both
VHd (32 ± 4.7, 23 ± 4.9, 17 ± 2.5, respectively) and VHnd. (16 ± 4.5, 11 ± 2.9, 12 ± 3.1,
respectively). The most prominent species throughout the stamps was PC(34:1). The
posterior region of VHd detected 15 ± 2.3 relative intensity for PC(34:1) compared to 7.7
± 1.1 for the anterior region. The VHnd showed less variation in the relative intensity of
the posterior region (9.2 ± 2.4) compared to the anterior region (6.3 ± 1.4) for PC(34:1).
PC(32:0) was more abundant in the VHd (7.1 ± 1.4 posterior, 6.6 ± 1.8 central, and 4.1 ±
1.5 anterior) compared to the VHnd (3.6 ± 1.1 posterior, 2.8 ± 0.8 central, and 3.0 ± 1.0
anterior). This trend was followed with PC(36:1) in the VHd (4.9 ± 0.7 posterior, 3.6 ±
0.7 central, and 2.7 ± 0.4 anterior) and VHnd (3.0 ± 0.9 posterior, 2.2 ± 0.5 central, and
2.2 ± 0.7 anterior) as well.
SM regional distribution
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Figure 3-4. Comparison of the PL composition in the regional ex-situ analysis of VHd
and VHnd stamps. The posterior region has the highest abundance of total PL species,
followed by the anterior and central regions. Data are presented as mean ± SEM for each
group. Two-way ANOVA showed there was variation between the VHd and VHnd as
well as the location on the stamps (0.05).
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For VHd stamps, higher abundance of SM was observed in the posterior (2.5 ± 0.4)
compared to the anterior (1.9 ± 0.2) region. The opposite trend was seen for VHnd
stamps for which the anterior regions had a higher relative abundance of SM (2.6 ± 1.3)
compared to the posterior regions (1.9 ± 0.5).
Glucose regional distribution
The analysis of glucose did not require the use of a matrix because HA acted as a matrix
and was able to absorb the 337nm wavelength of the laser and ionize glucose. Stamps of
both VHd and VHnd were analyzed without matrix to determine glucose levels and
showed a variation between the two groups (=0.003, 2-way ANOVA; Fig. 3-5). Higher
relative abundance of glucose was observed for VHd than VHnd. The posterior region of
VHd stamps had a significantly higher level of glucose (12 ± 1.3) compared to the central
(6.7 ± 0.8) and anterior (8.1 ± 1.0) regions. The VHnd stamps showed more comparable
levels of glucose throughout the three regions (posterior: 6.5 ± 0.7, central: 5.9 ± 1.2 and
anterior: 4.7 ± 0.9).

DISCUSSION
For this investigation we chose a soft form of ionization, MALDI, not only to
minimize analyte fragmentation but also to enable the direct analysis of ionizable species
without significant sample manipulation. Although the presence of PLs was reported
previously, their regional distribution was not known.164 Similarly, glucose has been
detected in the VH but its regional variations were not known in human tissue. The VH
acts as a repository of metabolites that migrate from adjacent organs.59 The ex-situ
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Figure 3-5. Relative intensities of glucose in regions of diabetic VH tissue compared to
non-diabetic tissue. In both diabetic and non-diabetic the higher glucose levels were
found in the posterior region. Compared to non-diabetic VHs, diabetic VHs had a
significantly greater abundance of glucose throughout the tissue. Data are presented as
mean ± SEM for each group. Two-way ANOVA showed there were variations between
the VHd and VHnd stamps as well as the location on the stamp for the abundance of
glucose (0.05).
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analysis and in-vitro analysis showed similar trends with the distribution of PLs. The
posterior region contained the most PLs in both VHd and VHnd. The most abundant
species was PC(34:1) and the levels of this PL were also found to be present in the
highest amount in VHs from porcine with previous data found in porcine eyes VHs.163
The sensitivity and precision of the in-vitro analyses of human VHs were higher
than those for ex-situ studies. This is the result of both, higher levels of PLs in the extract
as well as the use of an internal calibrant. Therefore, the quantitative trends obtained invitro are more reliable. The ex-situ analysis was more qualitative but showed regional
changes similar to those observed in-vitro. Results from this method indicated that there
was a higher percentage of saturated PC species in the anterior than in the posterior
regions of both VHd and VHnd. Previous studies have shown that species from the lens
migrate into the VH.156,157 Since the lens has more saturated than unsaturated PLs, the
saturated PCs could be related to lenticular PLs. However, dihydro-sphingomyelin
(DHSM), the most abundant PL (~ 55%) found in human lens membranes, was not
detectable in the VH extracts.165 This suggests that the migration of PLs from the lens
into the VH is significant lower relative to that from the retina. Furthermore, the strong
H-bonding interactions among the interfacial and headgroup regions of DHSM are
expected to keep this PL in the lens membranes.
The age of diabetics (58 ± 11) and non-diabetics (63 ± 13) were similar so the
observed trends are related to diabetes rather than age-related changes. The most
noticeable compositional difference between VHd and VHnd was the greater abundance
of PLs and glucose in VHd. This finding can be related to the weakening of the retinal
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barrier with diabetes. As a result, greater levels of these compounds can migrate from the
retina into the VH. In addition, the rate of migration is expected to be higher.
When the VH liquefies, the HA/collagen/H2O network collapses. This process is
exacerbated by diabetes.162 Patients with diabetes have a weaker BRB, which allows
molecules to flow more freely into the retina.

Since the VH is a repository for

surrounding tissues, the more permeable barrier can contribute to a higher level of
glucose and PLs found in the VH along with other metabolites. Diabetes has been shown
to increase passive glucose transport into the VH using fluorescein.67 Changes in the
barrier between the inner retina and VH could lead to the increased permeability.67
We propose that the greater contents of PLs and glucose in the posterior VH
causes the breakage of the strong H-bonding network that gives the VH its gelatinous
consistency. Since HA consists of a spiral-like chain of hydrophobic and hydrophilic
patches, the acyl chains of PLs could interact with the hydrophobic side of twirl while the
PL headgroups form ionic or H-bonds of HA and ‘break apart’ the VH arrangement.
Similarly, glucose could interact with the HA via H-bonding. Since there are higher
amounts of PLs and glucose in the VH of diabetics than non-diabetics, it is proposed that
these compounds speed up the collapse of the network leading to the acceleration of
liquefaction.
Model studies are underway to determine the interactions between PLs, HA, and
glucose to improve our understanding of liquefaction at the molecular and structural
levels.
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CHAPTER 4
INTERACTIONS OF HYALURONAN WITH GLUCOSE AND PHOSPHOLIPIDS
DETERMINED USING MALDI/MS AND NMR SPECTROSCOPY

INTRODUCTION
Our group has reported regional changes in the levels of phospholipids (PLs) in
vitreous humors (VHs) from porcine and human eyes. In addition, significant increases in
glucose contents were observed in VHs from non-diabetics and diabetics. The higher
levels of both PLs and glucose detected in the posterior part of the VH led us to propose
that the intercalation of these compounds within the strong hydrogen-bonded network of
water (~99%), hyaluronan (HA) and collagen contribute to the liquefaction of the
gelatinous VH.
The current works focuses on model studies designed to learn the molecular
interactions that take place when PLs and/or glucose are added to hydrated HA. HA is a
type of glycosaminoglycan (GAG) made up of repeating units of a disaccharide
composed of D-glucuronic acid (U) and N-acetyl-D-glucosamine (A), linked via
alternating β- (1→4) and β- (1→3) glycosidic bonds. HA is synthesized in the
endoplasmic reticulum and forms long unbranched chains that at concentrations as low as
1 mg/mL HA becomeentanged.10,3,16 This leads to interactions that cause the twisting of
the HA chains and causes formation of alternating hydrophilic and hydrophobic
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patches.10 The non-ideal osmotic pressure of HA contributes to water homeostasis in the
VH. Due to the size and entanglement of the HA chains, diffusion processes are slowed
down.16
Whereas the interactions of type II collagen and HA have been explored and
shown to be minimal, hydrophobic interactions are believed to occur between the
terminal region of the collagen and HA but the specific sites involved in these
associations remain to be determined.17,19 HA can also interact with proteoglycans, cell
membranes, and other receptors such as CD-44.19 The interactions between PLs and HA
have also been studied using rotary shadowing electron microscopy, gel permeation
chromatography, multi-angle laser-light-scattering photometry and nuclear magnetic
resonance (NMR) spectroscopy. HA could affect the organization of PLs as they
aggregate around HA.15 PLs bind to the hydrophobic patches of HA strands that can
reduce the HA stiffness.14 The specific details of these molecular interactions need to be
further explored.
The molecular interactions between glucose and other vitreal components have
not been reported previously. In this study, we have investigated the interactions of
glucose with HA in the presence and absence of PLs in continuation of a project focusing
on the monomeric HA unit and the effect on RIE. 166
One of the analytical methods used to investigate these possible interaction is
matrix-assisted laser desorption ionization (MALDI) mass spectrometry (MS). Although
MALDI/MS is a sensitive tool for qualitative and quantitative analysis, it has not been
applied, to our knowledge, to reveal intra- and intermolecular interactions. MALDI is a
soft form of ionization that involves the use of a matrix (in high concentration) that co-
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crystallizes with the analyte(s). When a laser pulse reaches the sample, the matrix absorbs
the radiation and transfers part of it to analytes that are then desorbed and ionized via
adduct-formation or electron transfer. These ions enter the mass analyzer and are
separated based on their mass-to-charge (m/z) ratio.118 Relevant to our application is the
fact that different analytes present in the sample with the same concentration do not
produce peaks of comparable intensity in the MS spectrum.167 The intensity of each
analyte signal depends on its relative ionization efficiency (RIE). Importantly, RIEs are
not only affected by the chemical make up of the analyte but also the interactions
between the matrix and analyte and other compounds in the sample as they co-crystallize.
The activation energies achievable at the temperatures reached in the ion plume, as well
as possible collisions once in the ion plume also affect the RIEs.115 The RIEs also depend
on the environment surrounding the analyte. For example, different types of tissue can
lead to changes in RIEs for a specific PL.168 For these reasons, this work explores the
changes in RIE for PLs and Glu in the presence of HA, in both its polymeric and
ultrasonicated forms.
The interactions among these molecules were also studied in solution phase using
NMR spectroscopy to help us understand the interactions that take place in the liquid
phase. If these interactions remain as the solvent evaporates, they are expected to
strengthen. Therefore, it is possible that the RIEs measured via MALDI/MS be affected.
In this work, we have measured changes in RIEs when two or more of the compounds
mentioned above are present. The findings from these model studies have been tested on
actual VHs obtained from porcine eyes to learn the potential molecular/structural changes
that take place during vitreous liquefaction.
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EXPERIMENTAL
Chemicals
para-Nitroaniline (PNA), 2,5-dihydroxybenzoic acid (DHB), α-D-glucose, hyaluronic
acid sodium salt from Streptococcus equi (HA) (mol wt ~1.5-1.8 x 106 Da), L-αphosphatidylcholine (PC) from egg yolk, acetonitrile (ACN), and methanol (MeOH) were
purchased from Aldrich Chemical Co., Inc. (Milwaukee, WI). Porcine eyes were
collected from a local abattoir and immediately dissected or frozen at -4 C.
Matrix Preparation
The

matrices

used

were

2,5-dihydroxybenzoic

acid

(DHB)

dissolved

in

water:acetonitrile (1:1) with 1% trifluoroacetic acid (20 mg DHB/mL H2O:ACN) and
para-nitroanaline (PNA) dissolved in methanol (26 mg PNA/mL methanol).
Model Studies
Solutions of glucose and HA were prepared in deionized H2O for MALDI/MS studies
and D2O for NMR studies. Two solutions of the HA polymer were prepared by
dissolving 5 mg of HA in 1 mL of H2O. One of these solutions was ultrasonicated for 10
minutes with a 2-second pulse (20 V) using a Sonics and Materials, Danbury, CT,
ultrasonicator. PC was dissolved in methanol for MALDI/MS studies and MeOD for
NMR studies. The final concentrations were 5 mg/mL for each component of the
mixtures. The RIE values were calculated by calculating the ratio of the sum of the
relative intensitiesfor all the signals corresponding to ions of a given analyte versus the
sum of the relative intensities of all matrix-related peaks.
Porcine Vitreous Humor Analysis
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A frozen porcine VH was removed from the eye and cut in half along the sagittal
plane. One half was ‘stamped’ on a clean stainless steel MALDI plate by placing it on the
plate and leaving it for 10 s. After removing it, the tissue was ultrasonicated for 10
minutes. About 0.5 g of the ultrasonicated VH was removed with a spatula and spread
very thinly onto a second MALDI plate. A 0.2-L aliquot of the matrix (either PNA or
DHB) was applied on top of the tissue. The second half was extracted using the Bligh and
Dyer method141 by adding 3.75 mL of MeOH:CHCl3 (2:1) per gram of tissue. After
sonication, 1.25 mL of CHCl3 and 1.25 mL of H2O were added.
1,2-dimyristoyl-sn-glycero-3 phosphocholine (DMPC) (0.005 mg/mL) was added to the
organic layer of the extract as an internal calibrant. PNA or DHB was premixed with the
analyte, spotted directly on a MALDI plate, and analyzed.
Data Acquisition
MALDI-TOF/MS Studies
A matrix-assisted laser desorption ionization time of flight/mass spectrometer
(MALDI-TOF/MS, Voyager Biospectrometry DE workstation, Applied Biosystems,
Foster City, CA) with a nitrogen laser that emits at 337 nm was used to analyze all
samples. Positive and negative-ion spectra were collected in the reflector mode. An
accelerating voltage of 20 kV was applied after an extraction delay time of 75 nsec. The
laser energy was 70 ± 5 μJ and the pulse rate 3 Hz. The laser intensity was adjusted to
minimize fragmentation and produce high sensitivity. A mass range of 50–1200 m/z was
used and 50 shots were averaged per spectrum in both positive and negative mode. Data
Explorer software version 4.8 (Applied Biosystems, Foster City, CA) was used to analyze
the data. The relative intensities of matrix-related peaks were added and compared to the

86

sum of intensities observed for all analyte-related peaks. The ratio of the values was
calculated to determine the relative ionization efficiency (RIE) of the analyte.
NMR Studies
1

H NMR spectra were obtained using a Varian VNMRS 700 MHz NMR spectrometer

(Palo Alto, CA). Spectra were acquired with 250 scans, 45° pulse width, and a relaxation
delay of 1.000 seconds at 25°C. The D2O resonance was used as reference for the correct
determination of chemical shifts.
Statistical Analysis
One-way Analysis of Variance (ANOVA) was used to compare the effect of HA
on the RIE of the analyte. p≤0.05 was considered statistically significant. Data are
reported as mean ± one standard deviation for each group.

RESULTS
In this section we describe first the results obtained by MALDI-TOF/MS and NMR when
HA was mixed with PLs. The second portion of this section covers the results obtained
when glucose was added to HA alone and HA with PLs. Some of the HA solutions were
ultrasonicated to cause fragmentation of the HA polymer and see the effects of disrupting
the HA represent conditions similar to those that occur during liquefaction of the VH.169
Finally, the results obtained using the vitreous humor from porcine eyes are presented.
Changes in RIE for PLs in the presence of HA and Glucose
Solutions of PC and PC with HA were premixed with the DHB matrix and analyzed
using MALDI-TOF/MS. The HA polymer could not be detected in the mass spectral
range used to observe PLs. HA fragments were not observed either. On the other hand,
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PC ionized easily and was detected before and after premixing it with HA (Fig. 4-1).
When other PLs and glucose were also mixed with PC, their RIEs were slightly
decreased (see Fig. 4-2). The most notable differences in the RIE of PC were seen in the
presence of HA (=0.025, 1-way ANOVA). When polymeric HA and PC were premixed,
the relative ionization efficiency (RIE) of PC was reduced. The decrease was greater
when ultrasonicated HA was mixed with PC. These findings suggest there are
interactions between PC and HA in the liquid phase that remain after solvent evaporation.
Furthermore, the level of these interactions is increased when ultrasonicated HA is
present. The RIE values decreased from 0.40 ± 0.19 for PC alone to 0.26 ± 0.12 in the
presence of HA and to 0.13 ± 0.06 when mixed with ultrasonicated HA. This decreasing
trend in the RIE of PC was also reflected in the reduction of the S/N for PC in the mass
spectra. The S/N of PC(34:1) was (4.7 ± 2.4) x 103 for PC alone but decreased to (1.4 ±
0.6) x 103 when HA was added. In the presence of Glu, the S/N of PC(34:1) was (2.6 ±
1.0) x 103 .
Changes in NMR spectral features for PLs in the presence of HA and Glucose
PC was mixed with HA and NMR spectra were acquired as seen in Figure 4-3.
When compared to HA alone, the chemical shifts of every HA resonance in the mixture
decreased (shifted upfield) indicating that the HA strands were more shielded in the
presence of PC. In addition, the resonances corresponding to protons in the acyl chains of
PC were no longer detectable in the mixture due to significant broadening. The spectral
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Figure 4-1. The MALDI spectra of a) PC and b) PC with HA. The relative intensities
of the PC species decrease in the presence of HA.
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Figure 4-3. The NMR spectra of a) PC, b) HA, and c) PC mixed with HA.
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changes when PC was mixed with ultrasonicated HA showed trends similar to those seen
when non-sonicated HA was added. However, the resonances for the PC acyl chain
protons were detectable. The resonances corresponding to protons in the choline
headgroup of PC overlapped with HA-related resonances and could not be resolved.
Changes in RIE for glucose in the presence of HA
Aqueous solutions containing glucose alone as well as glucose and HA were analyzed
using MALDI-TOF/MS by premixing the solutions with DHB (see Fig. 4-4). When
glucose was analyzed with the matrix only, the RIE was low (7.5 ± 0.9) x 10 -3 and the
reproducibility was poor. These factors were also reflected by the S/N of 45 ± 30. Low
sensitivity and precision were also observed for glucose in the presence of PLs as seen in
Figure 4-5. Indeed, the RIE for Glu was only (8.4 ± 0.3) x 10-3 when PC was present.
However, when glucose was premixed with HA, the ionization efficiency increased
significantly to 0.21 ± 0.11 (=8.1x10-5, 1-way ANOVA). This led to an improvement in
the S/N for glucose, which increased significantly from 45 ± 30 (no HA) for glucose
alone to 580 ± 280 when HA was present in the solution. A comparable improvement in
the RIE of glucose (0.15 ± 0.09) was observed when the sample contained ultrasonicated
HA. Further studies showed that the RIE of glucose was also enhanced when premixed
with other negatively charged species such as phosphatidic acid (PA).
Interactions in the porcine VH
A porcine VH was cut in half and each half was extracted using the Bligh and Dyer
extraction method. One of the halves underwent ultrasonication after each addition of
solvent whereas the second half was only lightly mixed after each addition of solvent. For
the detection of PLs, PNA was used as the matrix. As shown in Figure 4-7, the mass
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Figure 4-6. NMR spectra of a) glucose, b) HA, and c) mixture of glucose and HA.
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highest relative abundance followed by PC(32:0) and PC(38:4). PC(40:6) was only
spectral data showed greater reduction in RIEs for PC-related peaks when the extract was
ultrasonicated, but less with the non-sonicated VH. sonication. A similar trend was
observed for all PLs; indeed lower RIEs and S/N were seen in the presence of
ultrasonicated VH rather than non-sonicated VH. The extracts showed PC(34:1) had the
detectable in the presence of detected ultrasonicated VH. DMPC in known amounts was
also added to the matrix-extract premix as a standard for quantitative comparisons, as
seen in Figure 4-8. The normalized intensity of PC(32:0) with no sonication (0.46 ± 0.06)
was higher than that corresponding to ultrasonicated solutions (0.094 ±0.022). The same
trend was seen for PC(34:1) whose RIE decreased from 0.97 ± 0.18 without sonication to
0.25 ± 0.06 for the ultrasonicated ones.
A fresh porcine VH allowed for the detection of glucose using DHB as the matrix.
Glucose was detected in the non-sonicated and the ultrasonicated samples. The S/N of
glucose was 23 ± 5.6 with no sonication and decreased to 9.6 ± 1.5 with ultrasonication.
This trend is similar to that observed in the model studies of glucose with HA and
ultrasonicated HA.
The addition of the relative intensities of all PL signals gave higher values in the
non-ultrasonicated samples than in those that were ultrasonicated. This indicates that the
ultrasonication is breaking down the collagen-HA biomatrix and the PLs can interact
more effectively with the shorter, more exposed HA polymer chains resulting in greater
blocking of the PL ionization sites.

DISCUSSION
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Figure 4-7. The MALDI spectra of an extracted porcine VH using the Bligh and Dyer
method a) without sonication and b) with ultrasonication. DMPC was added as an
internal calibrant to compare the relative abundance of PLs. The extraction with no
sonication shows the highest relative abundance of PLs.
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Figure 4-8. The relative intensities of PC(32:0) and PC(34:1) normalized to DMPC
from porcine VHs. The ultrasonication of the VH extract reduced the ionization of
Figure 4-8. The relative intensities of PC(32:0) and PC(34:1) normalized with DMPC
PC from the VH compared to no sonication. Data are presented as mean ± one
from porcine VHs. The ultrasonication of the VH reduced the ionization of PC
standard deviation for each group (n=10). One-way ANOVA showed there was
compared to when no sonication was used on the VH.
variation for the RIE of glucose in the presence of HA and PA (r<0.05).

98

Model Studies of PC and HA and/or Glucose
The interaction of HA and PC has been previously explored and HA has been shown to
interact with hydrophobic surfaces.170 Model studies have shown the RIE of PC is
reduced in half when premixed with monomeric HA.166 It has been proposed that the acyl
chains of the PC interact with the hydrophobic patches on the HA.14 However, HA has
also been reported to interact with partially positive head group of PC and not with the
negatively charged phosphoglycerol.171 Our model studies show that when HA and PC
were mixed, the RIE of PC decreased. Adding ultrasonicated HA to PC decreased the
RIE of PC even further which suggests when the HA is fragmented, it is more available
for interactions with PC headgroups where the cationization occurs. The positively
charged choline in the headgroup of PC is proposed to interact with the negatively
charged carboxylate group of HA, which is more exposed after ultrasonication due to
fragmentation of the polymeric HA. This results in the ‘blocking’ of the ionization site of
PC. The acyl chains of PC also interact with the HA by twisting around the hydrophobic
patches of the HA strands. This is supported by the NMR data showing the absence of
resonances for protons in the PC acyl tails when PC is mixed with polymeric HA. This is
the result of extreme broadening of these resonances due to a much faster transversal
relaxation and suggests that he PC acyl tails can be intertwined with HA strands so that
the hydrophobic patches of HA are in close proximity to the hydrophobic tails of PC.
When the HA is fragmented the HA strands are not able for the PC acyl tails to twist
around causing the acyl protons to be detected through NMR. Therefore, interactions
between HA and PC do take place in liquid phase, as seen in the NMR results.
Model Studies Glucose
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Model studies of glucose with HA show that in the presence of HA, the RIE of
glucose increases. This significant increase suggests that glucose and HA interact
allowing glucose to ionize more readily. NMR data also supports an interaction between
the two. The data show a decrease in the T2 values of the protons on the 6’ and 4 carbons
as well as broadening of glucose resonances when HA is added. This suggests the
interaction between glucose and HA involves the protons on the 6’ and 4 carbons of the
glucose molecule. It is mostly likely that the protons are interacting with the carboxylate
group on the HA. The negative charge from the HA could be delocalized onto the glucose
making it more electronegative and thus of greater attraction to positive ions. Similarly,
when negatively-charged PA was present, the RIE for glucose increased. The data
indicate that the negative charge of the PA headgroup also enhances the electonegativity
of glucose thus making it easier to ionize by addition of a cation.
VH tissue results
Due to the VH containing 98% water, other vitreal components are present in very
small concentrations that cannot be detected by NMR spectroscopy. However, MALDITOF/MS results showed that there are changes in the interactions of molecules with
polymeric and fragmented HA. The ultrasonication of the extracts simulates liquefaction
in the VH. The porcine VH extracts that did not undergo ultrasonication showed that
glucose and PC had a higher RIE than in the VH extraction that used ultrasonication. This
suggests that the ultrasonication breaks down the HA and the rest of the biomatrix and
allows the PLs to interact with the shortened HA strands, which reduce the ionization of
PC. Further studies were conducted to confirm that the ultrasonication process alone did
not cause the fragmentation of PLs. PC was ultrasonicated and was compared to PC not
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sonicated and showed similar RIEs and relative intensities. Since the ultrasonication has
no effect on the ionization of PLs, the changes are due to a break down of the biomatrix
causing an increase in the interactions between the biomatrix, specifically the fragmented
HA, and the PLs and inhibiting ionization of them.
Model and Tissue comparisons
The results from the model and tissue studies are in agreement. They both showed
that there are interactions between PC and HA as well as glucose and HA supported by
changes in RIE. The model studies showed that there was a reduction in RIE of PC and
glucose when mixed with polymeric HA compared to fragmented HA. The reduced RIE
is repeated in the tissue study of ultrasonicated VH extracts when the RIE of PC is
reduced compared to extracts that were not sonicated. This trend is also seen with glucose
comparing the VH stamp versus the ultrasonicated stamp and observing a decrease in the
RIE.

CONCLUSIONS
The interactions of vitreal components are of high interest when exploring
possible causes of liquefaction. Interactions of HA-collagen-water give the VH a gel-like
consistency and when this network is disrupted, liquefaction occurs. Interactions with
hyaluronan and other vitreal components were explored to determine what effect they
could have on disrupting this gelatinous network.
We determined that PC and HA interact based on reduced RIE using MALDI/MS
and changes in chemical shift using NMR. Hydrophobic interactions between the
hydrophobic patches of HA helices and the acyl chains of PC as well as between the
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positively-charged choline moiety of PC with the negatively charged carboxylate group
of the deprotonated glucoronic acid of HA.
Glucose and HA also indicate an interaction based on the enhancement of RIE
from MALDI/MS and peak broadening of glucose in the presence of HA using NMR.
The data suggests an interaction occurs between the 6’ and 4 hydroxyl groups on glucose
and the carboxylate group on GlcA of HA.
Tissue studies indicate the ultrasonication of the VH biomatrix caused a reduction
in the RIE of PC and glucose. This data agrees with model studies that RIEs of vitreal
components are reduced when mixed with fragmented HA when compared to polymeric
HA.
This work is pertinent to future studies of the VH. The biomatrix of the VH plays
a role in the interactions of vitreal components and can be observed with changes in RIE
using MALDI when NMR is not a viable option. With the information on the changes in
RIE, the quantification of vitreal components can be more accurate for future studies.
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CHAPTER 5
CONCLUSIONS AND FUTURE DIRECTIONS

Although the vitreous humor occupies ~80% of the ocular volume, it is the least
investigated component of the eye. Yet, its biological functions are very important:
regulation of ocular growth and shape during development, prevention of migration of
large macromolecules that could affect transparency and barrier for the diffusion of O2
that could cause oxidation of lenticular components.59 Despite its very high water content
(98% - 99%), the VH is gelatinous but its consistency changes with age as it liquefies.

The projects described in this dissertation were designed to investigate the
changes in molecular composition/structure that could contribute to liquefaction.
MALDI/MS enabled the qualitative and quantitative analysis of regional changes in the
levels of PLs and glucose in VHs from porcine and human eyes. In addition, both
MALDI/MS and NMR spectroscopy have provided important and complementary
information on the interactions between HA and PLs on glucose. This new knowledge is
relevant to our understanding of vitreal liquefaction. The following paragraphs reiterate
the main conclusions reached in the analytical and physiological aspects of this research.

ANALYTICAL CONCLUSIONS
Tissue Sectioning
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The ‘stamp’ method used for ex-situ studies gave fairly reproducible results and
required no sample preparation thus preventing possible chemical alterations in the tissue.
However, the sensitivity achieved with this approach was fairly low. For this reason, invitro studies were carried out for the regional analysis of PLs by dividing the VH in
anterior, central and posterior regions. PLs were extracted using the Bligh and Dyer
method.141 Higher sensitivity and reproducibility were achieved and more species were
detected.
Matrix Choices
PNA was the best matrix to study PLs both ex-situ and in-vitro. However, for the
detection of glucose, a more acidic matrix, DHB, was needed. Although DHB gave better
results than PNA, the low ionization efficiency of glucose resulted in poor sensitivity and
precision. Interestingly and surprisingly, larger glucose signals were detected when either
HA or porcine VH was present. No eternal matrix was needed. Our hypothesis is that HA
in the VH biomatrix acts as a ‘biomatrix’ that absorbs the laser radiation and transfers it
to glucose allowing it to be ionized. Furthermore, and as presented in Chapter 4, the
interaction(s) between HA and glucose appears to increase the electronegativity of
glucose causing it to attract cations more effectively. This approach was proven
unsuccessful for the detection of PLs.

Impact of Molecular Interactions on Relative Ionization Efficiencies
MALDI/MS is a sensitive and powerful tool for in vitro and ex situ imaging
studies. However, another application of this method developed in this project is the
characterization of molecular interactions inferred from changes in relative ionization
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efficiencies. The change in RIE values of the molecules showed that the ability to ionize
was either enhanced or reduced depending on molecular associations. For example, the
interaction of HA and PLs reduced the RIE of PC and SM. The positively charged
choline headgroup in both PLs is proposed to interact with the negatively charged
carboxylate of the HA molecule thus reducing the access of cations to the phosphate
moiety of the headgroup. On the other hand, the interaction between HA and glucose was
shown to enhance the RIE of glucose. The negative charge of the carboxylate group of
HA could be delocalized onto the glucose by formation of H-bonds. As a result, glucose
can be ionized more readily. This possibility was supported by the enhancement of the
RIE of glucose when PA (in its anionic form) was added. It is proposed that the
delocalization of the negative charge of the phosphate group of PA onto glucose by Hbond formation promotes the more effective ionization of glucose.
Another important trend observed in the model studies was the greater decrease in
RIEs of PLs when fragment (rather than intact polymeric HA) was added. Similar, while
the RIE was still higher in the presence of fragmented HA, the increase was not as
significant as when intact HA was added. These changes in RIEs should be taken into
account when quantitative studies are pursued in biological samples where the biomatrix
can affect the degree of ionization of the analytes.

PHYSIOLOGICAL CONCLUSIONS
Regional Distribution of Phospholipids and Glucose in Mammalian VHs
Porcine and human VHs showed similar regional trends for the relative
abundances of PLs. It was found that the posterior region of the VH has a significantly
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higher relative abundance of PLs compared to the anterior and central regions.
Furthermore, the PL composition in the posterior region was found to be very similar to
that of the retina. Higher levels of glucose were also detected in the posterior vitreal
regions. Since the VH acts as a repository site after development, it is concluded that
these compounds migrate from the retina into the VH. Their diffusion within the VH is
slow as shown by the low PL levels in the central region.

Impact of Diabetes in the Levels of Phospholipids and Glucose in Human VHs
In patients with diabetes, the BRB weakens allowing the migration of more
molecules from the blood vessels into the retina and eventually into the VH.172 The
contents of both PLs and glucose were found to be significantly higher (around three
times) in the VH of diabetics relative to the VH of non-diabetics of comparable age. The
higher levels of PLs and glucose seen in the posterior regions of the VHs of diabetics are
proposed to contribute to the accelerated liquefaction of the VH. Indeed, liquefaction
begins in the posterior region of the VH, where the levels of PLs and glucose are the
highest. It is proposed that the intercalation of either or both PLs and glucose within the
HA/collagen/water network disrupt the tight mesh of cooperative H-bonds and cause the
liquefaction of the gel.

INTERACTIONS OF HA WITH PLs AND GLUCOSE
Model studies showed that interactions take place between HA and PLs as well as
between HA and glucose. These interactions could cause the collapse of the gelatinous
network. The inclusion of PLs and glucose within the HA/collagen network could initiate
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the disruption of the extended hydrogen-bonding network and lead to liquefaction. A
novel use of MALDI/MS was applied and showed that changes in RIE can be interpreted
in terms of molecular associations that take place in the solvated sample but remain even
after solvent evaporation.

FUTURE STUDIES
Future studies will focus on the inclusion of collagen to the biomatrix, age-related
changes in VH from non-diabetics, and differences in the VH composition of diabetics
affected by type I and II diabetes. The interactions among collagen and PLs, glucose, and
HA will be explored to understand the potential role(s) played by collagen in the
liquefaction process. It has been proposed that breakdown of collagen fibrils contributes
to disruption of the gel-like network48,173.
The knowledge gained in these studies could lead to approaches that retard or
eliminate liquefaction of the VH. This is the most challenging area of future research and
it will require collaborative projects with bio-engineering as well as continued interaction
with the Department of Ophthalmology. This is a worthwhile goal since by inhibiting the
migration of PLs and glucose into the VH could prevent liquefaction and thus prevention
of serious ocular diseases.

CONCLUDING REMARKS
Protocols were developed to overcome the challenges of working with VHs. Exsitu and in-vitro techniques were optimized in order to work with analytes in minute
quantities within a highly hydrated (~99%) medium. Under optimal conditions, porcine
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and human VHs were analyzed to determine regional composition and determine causes
of liquefaction. The results showed high abundances of PLs and glucose in the posterior
region, where vitreal liquefaction begins. The model studies confirm the interactions of
PLs and glucose within the gel-like network of HA/collagen/H2O. Future studies need to
be conducted to find ways to prevent the migration of compounds from the retina into the
VH or even selectively remove these species from the VH to reverse the disruption of the
vitreal network.
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